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Introduction. 

The nature of the forces which come Into play when substances react one upon 
another chemically, is a problem which has specially engaged scientific minds during 
the last century. During the second half of that period chemical statics and 
dynamics have developed into a veritable science. The general law governing the 
velocity of chemical reaction and chemical equilibrium in homogeneous systems is 
now known as the law of mass action, and was to a great extent foreseen by 
Berthollet/ x< In heterogeneous systems the law concerning the velocity of physical 

* C. L. Berthollet, 'Essai de Statique Chimique,' 1803; Wilhelmy, 1850; Harcourt and Esson, 
1866; Guldberg and Waage, 1867; van't Hoff, 1878, 
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or molecular transformation also proves to be of a general and simple nature : the 
velocity being directly proportional to the surface of contact of the reacting parts of 
the heterogeneous systems and to the remoteness of the system from the point of 
equilibrium. # The velocity of chemical reaction and chemical equilibrium in 
heterogeneous systems represent no phenomena sui generis, the laws concerning 
them being only combinations of the above two laws.f The laws relating to 
equilibrium found their rational explanation and foundation in the thermodynamic 
researches of Horstmakn, and more fully in those of W. Gibbs and van't Hoff, 
whilst the laws applying to the velocity of reaction in homogeneous systems are the 
result of van't Hoff's thermodynamic considerations. 

Tn all the above researches the phenomena of the velocity of chemical reaction and 
of chemical equilibrium are the outcome of those intrinsic properties of matter, 
always existent in and inseparable from it, which we usually call chemical affinity or 
chemical potential. It is known, however, that a system can be brought into a state 
of reaction, and that new systems and new equilibria can be formed, when energy 
from an external source, such as light or electricity^ is introduced into it. The effect 
of an electric current upon a chemical system, e.g., is determined by Faraday's law 
of electrolysis, whilst the thermodynamic connexion between chemical and electrical 
(and gravitation) energy has been developed by W. Gibbs. 

The object of this investigation was to ascertain, if possible, the laws governing 
the velocity of chemical reaction and chemical equilibrium when this is caused by the 
introduction of light energy into the system. Is the velocity directly proportional to 
the amount of the light energy introduced or absorbed by the system in the unit of 
time, independent of the reacting masses or concentrations, i.e., is the law here 
analogous to that of Faraday for electrolysis, or is the velocity of reaction some 
function of the reacting masses ? What are the laws governing chemical equilibrium 
as affected by light ? It is evident that to furnish an answer to the above problems 
careful experiments bearing directly on the fundamental issues in question and 
a careful theoretical consideration of the results so obtained are absolutely needed. 
This is the more imperative as from the hundreds of reactions known to be caused or 
influenced by lightj not half a dozen can be found suitable for quantitative measure- 
ments. 

It soon appeared that the chemical reaction chosen for the study of the laws of 
chemical kinetics must be very simple and as far as possible uncomplicated by 
secondary phenomena. The chemical action observed must be caused by light alone, 
and stop when light is removed. Bunsen and Roscoe's reaction (H 2 + Cl 2 = 2HC1) 
seems to fulfil these conditions, but inasmuch as no change of volume takes place, no 

* See M. Wilderman, 'Zeits. Physik Chem., J 1899, 30, p. 341, and especially 4 Phil. Mag./ 1901, 
July, p. 50. 

t See < Zeits.,' loc. ciL, pp. 363-382. 

J See Eder's 'Handbuch der Photographie.' 
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answer could be afforded to the question whether the velocity of reaction is a function 
of the varying masses or concentrations of the combining substances or not, unless 
the hydrochloric acid formed is as rapidly removed as it is formed during the reaction. 
A secondary reaction would thus take place which would complicate the principal 
reaction. For these and similar reasons* Davy's reaction (CO + Cl 3 = COCl 2 ) was 
chosen for study. The reaction occurs only in light, the gases can be used in a dry 
state, and the volume of the mixed gases changes, two volumes of the original 
mixture producing one volume of the compound. 

Since highly dried gases combine very slowly, it was obvious that an artificial 
source of light must be employed, which should be at the same time of great actinic 
power and susceptible of being maintained constant in its intensity for long periods. 
At the suggestion of Dr. Ludwig Mono the acetylene light was finally decided on, 
as it is rich in actinic rays and its spectrum closely resembles that of sunlight. 
Apparatus was devised for producing a flame constant in intensity and composition. 
Arrangements were made for measuring the intensity of the light with an accuracy 
to 0*1 per cent., and suitable methods chosen for the preparation of pure chlorine and 
carbon monoxide. A preliminary study extending over two and a half years was 
made of the conditions under which the experiments must be conducted so as to give 
not only concordant but accurate results, i.e., results free from, constant errors. The 
general arrangement of an experiment was as follows : — 

Pure, dry chlorine and carbon monoxide were freshly prepared in the dark, and 
there introduced into a reaction vessel, connected with a manometer to indicate the 
variation of pressure during the reaction. The reaction vessel was placed behind a 
quartz window, in a water bath kept at a constant temperature, and exposed to a 
powerful acetylene light. The acetylene light was kept of constant intensity and 
free from smoke by means of a special generator, balance governor, regulating tap, 
purifier and burner. The intensity of the acetylene light was measured by means of 
a Rubens' thermopile and the deflections of a galvanometer, and the observed values 
standardized by means of a Clark cell and manganin resistances. The variations of 
the pressure in the reaction vessel were read on the scale of the manometer by 
means of a cathetometer. After applying corrections for the variation of 
temperature of the bath, atmospheric pressure, &c, the experimental results 
representing the rate of formation of carbonyl chloride from chlorine and carbon 
monoxide were subjected to a theoretical investigation. 



* See Mkllor, ' Journal of the Chemical Society/ 1901, p. 227. 
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Jl xxxvJL X. 

General Arrangements for the Preparation of Pure Cl 2 and CO, and 

for Filling the Reaction Vessel. (See Diagram 1.) 

A Topler pump is connected with one arm (1) of the T-tube, and a double- 
cylinder Fleuss pump with the second (2), the third (3) carries the manometer (4), 
and is connected with the rest of the apparatus by tube (5). A 3-way tap connects 
either (1) or (2) with (6). 

On the left of the diagram the apparatus for producing pure chlorine is shown. 
Tube (7) containing cupric chloride was heated by one small flame ; the chlorine 
formed passes through tube (8) containing phosphorus pentoxide which is connected 
with the reaction vessel whenever it is to be filled with chlorine. Before filling the 
reaction vessel with chlorine, the cupric chloride and phosphorus pentoxide tubes 
were exhausted and heated till a vacuum of *01 millim. was obtained. Chlorine was 
produced by heating the cupric chloride tube, the chlorine then removed, and a 
further supply prepared and directly used for the experiment. 

On the right of the diagram the apparatus for producing pure carbon monoxide is 
shown. Vessel (10) contains sodium formate and concentrated sulphuric acid, vessel 
(9) contains a concentrated solution of potassium hydroxide. When the mercury 
tap (11) is closed, the carbon monoxide formed bubbles through the mercury in 
vessel (12). When the tap is opened it passes through the U-tube (13) containing 
pieces of caustic potash, then through the long tube (14) containing phosphorous 
pentoxide to the receiver (15), which was chosen of a large size so that the gas 
should be as little contaminated with air as jDossible. This vessel (15) was closed by 
the mercury taps (16), (17) and (6), and was further protected from contamination 
with air by the tube between the taps (16), (6) and (17) being filled with pure 
carbon monoxide. Special precautions were taken to keep the carbon monoxide in 
(15), (14) and (13) pure ; while the carbon monoxide from the tube between (16), (6) 
and (17) was from time to time completely removed by pumping and heating, and 
the tube again filled with pure carbon monoxide from (15). Before filling the glass 
bulb (18) with carbon monoxide, every vessel containing the gas was first evacuated 
to about '01 millim., fresh gas was again prepared and immediately used for the 
experiment. 

In the middle of the diagram the reaction vessel (II) is shown, into which carbon 
monoxide and chlorine are brought together for exposure to light. This consists of 
a glass cylinder with ground flanges on which two parallel quartz plates are fixed, 
one in front and the other at the back. A capillary tube (19) connects the 
manometer E with the reaction vessel, and with the tube (20) through which the 
chlorine gas is passed from, the cupric chloride tube into the quartz vessel. The 
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latter is also connected with the bulb (18), (21) and (22) being mercury taps. The 

bulb (18) is connected with a manometer (E ; ) and is filled first with carbon 
monoxide. The pressure of carbon monoxide in (18) should be greater than the 
pressure of chlorine in the quartz vessel (il). By opening the tap (21) the carbon 
monoxide is allowed to pass into the quartz vessel (II). No chlorine, as direct 
careful tests showed, passes under such circumstances into the bulb (18). 

I now pass to a more detailed description of the apparatus used. 

The Reaction Vessel (fig. II.), was a glass cylinder of 3*65 centims. diameter, 
3*6 centims. long (capacity = 41*26 cub. centims.), with flanges 6 milhms. wide at 
each end (as in fig. II. ). The flanges were very carefully ground so that the two 
perfectly smooth quartz plates, when placed on them, fitted perfectly, and an 
excellent vacuum could be obtained. The quartz plates, with parallel surfaces, 
45 sq. millims., and about 2 millims. thick, were cut out perpendicularly to the optical 
axis, and were optically pure. The front plate turned the plane of polarisation to 
the left, the back to the right. 

Since chlorine acts on any cement which could be used for the purpose of keeping 
a vacuum, the quartz plates were placed directly on the well-ground flanges of the 
glass cylinder, and melted Crookes' cement, consisting of beeswax and resin 
(proportions, 5 parts beeswax to 8 parts resin) put on outside where the outer edges 
of the quartz plates met the glass flanges, care being taken that the cement was 
properly melted and free from air. The corners of the quartz plates projecting over 
the flanges and those parts of the glass flanges which remain uncovered by the 
quartz plates were then covered up with melted Crookes' cement, the whole being 
heated and made smooth and firm by a very small flame. In this condition the 
vessel can preserve a very high vacuum for a very long time. The cement was then 
covered with a varnish of pitch in benzine to protect the cement from the action of 
water, and allowed to become thoroughly dry The outside of the cylinder was also 
covered with pitch so that light might only enter through the quartz plates. 

In the capillary tube (23), at the bottom of the glass cylinder, an iron-nickel couple 
was fixed to measure the temperature of the gas in the inside of the cylinder during 
the reaction. Two very fine iron-and-nickel wires (about 0*1 millim. diameter) were 
made considerably thinner at their ends (0*05 to 0*02 millim.) by repeated alternate 
immersions in nitric acid and in water. About 1 centim. of the two very fine ends 
were twisted together and a trace of melted soft solder put on the extreme ends. On 
bringing it near a flame, the solder melted and ran down the twisted wires and was 
quickly shaken off, forming only a very thin film of solder between the wires. The 
soldered ends were then washed and all but 2 millims. of the connected ends were 
removed. The two wires were then covered with shellac and a thin layer of pitch. 
The very thin double wire (perhaps 0*2 millim.) was then passed through the very 
narrow capillary tube (23) projecting about h millim. into the cylinder, and fixed at 
the bottom in the capillary tube by a trace first of pitch, then of Crookes cement, 
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and then again of pitch. This thermopile was very sensitive to variations of tem- 
perature, and does not interrupt any essential portion of the light on its passage 
through the quartz vessel to the back plate. The second iron-nickel thermocouple 
was wound outside the tube as near as possible to the first couple in the glass 
cylinder, the two iron-and-nickel wires being drawn up round the cylinder, and then 
wound up round the capillary tube. These wires were first covered with shellac and 
then with pitch varnish. The thermopile assumed the temperature of the air or gas, 
owing to its extreme thinness, with very great rapidity. Subsequently a thin, glass 
bulb of similar volume was used instead of the quartz vessel. 

The capillary tubes used were of a very narrow diameter. The capillary tube E 
of the manometer was necessarily somewhat wider, so that the mercury might 
move easily, and rapidly assume equal levels in both arms of the U-tube. A length 
of 155*7 centims. of the capillary of one of the manometers contained 9*476 grams of 
mercury = 0*701 centim. The total volume of the capillary tubes in the manometer 
over the mercury during the experiments (20 to 50 centims ., &c.) is very small in 
comparison with the volume of the cylinder of the quartz vessel, which is over 
40 cub. centims., amounting to only a few tenths of 1 per cent. The manometer 
contained a layer of concentrated sulphuric acid (about 10 centims. long), enough to 
protect the mercury from the chlorine. The concentrated sulphuric acid freed the 
capillary tube from any specks of dust, thus enabling the mercury to move in it much 
more easily. The acid must be heated in vacuo after it is brought into the capillary 
to remove air and sulphurous acid. Only after the sulphuric acid has been heated in 
vacuo can a very high vacuum be obtained which will remain constant for any length 
of time. In filling the capillary tubes with the sulphuric acid and mercury, the part 
of the apparatus between (22) and (19'), which can be separated from the other parts, 
is kept almost in a horizontal position, the open tube of the manometer being con- 
nected with a tube dipping into a small beaker of mercury covered by concentrated 
sulphuric acid. Tap (22) being closed, tube (19') is held over the mercury in the 
concentrated sulphuric acid till a few centims. of sulphuric acid rise in the tube, and 
then dipped into the mercury, allowing it to follow the sulphuric acid. If the mercury 
column is broken by sulphuric acid, the column is driven out from the capillary by 
forcing air into the vessel at (19') until most of the acid is expelled from the capillary, 
when the tube is refilled. The capillary U-tube of the manometer was calibrated in 
the usual way. Since concentrated sulphuric acid adheres to the glass, the sulphuric 
acid column is shorter when the mercury is low and longer when it is high, especially 
if the mercury is moving rapidly up and down. During the experiment upon the 
velocity of reaction the movement of the mercury is so slow that uniform results 
are obtained ; but a reading must be made of the levels of both mercury and 
sulphuric acid. 

The density of the sulphuric acid used was easily found from the heights of the 
sulphuric acid and of the mercury in both arms of the manometer when exposed to 
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the pressure of the atmosphere. The U-tube of the manometer was fixed on a glass 
scale silvered on the back to avoid parallax, the readings of the scale were easily 
made by means of a cathetometer to Q'05 millim. # As the experiments proceeded, it 
was found that there was no possibility of protecting, by means of mercury taps, the 
gas mixture in the quartz vessel from contamination with air for more than a few 
hours, even when to the mercury taps capillary tubes were added containing the same 
reacting gases as the quartz vessel, with a second mercury tap at each end. The 
tubes of the quartz vessel on both sides were sealed for this reason by means of a 
hand blow-pipe as soon as the quartz vessel was filled with the gas mixture. Later 
on the quartz vessel had to be abandoned altogether, chiefly for the reason that it 
could not be heated before filling the reaction vessel with the gases ; more reliable 
results were then obtained with a thin bulb of very pure glass than with the 
quartz vessel. 

Filling the Reaction Vessel with Carbon Monoxide and Chlorine. 

Having read the position of the meniscus of the sulphuric acid and of the mercury 
on both arms of the manometer, the apparatus was exhausted, every part of it being 
heated to expel the air which persistently sticks to the glass walls of the apparatus. 
Since, however, the quartz vessel (owing to the Crookes cement and pitch) could not 
be heated, the complete removal of the air was effected as follows : — Having connected 
the pumps through (l) and (2) with (6), the taps (6), (17), (22), (21) and (28) being 
open and the taps (16) and (11) closed, all the vessels (7), (8), (E), (II), (18), (E ; ), 
(S), (R), (19), (3), (2), (1) and (4) were exhausted first by the Fleuss and then Topler 
pump, and all, except the quartz vessel (II), were heated. The concentrated sulphuric 
acid in (S) and over the mercury in (E) was also heated until no more gas was given 
off In this way a high vacuum was obtained. The taps (6) and (28) were then 
closed and carbon monoxide passed from its reservoir (15) into the bulbs (S) and (18) 
and to the quartz vessel (II) until the pressure was about 10 centims. The carbon 
monoxide was then removed by exhaustion, (16) and (28) being closed until a good 
vacuum was indicated by the Topler pump, when the vessels were again filled with 
carbon monoxide. This was repeated several times till the air was completely removed 
from the walls of the quartz vessel. Better results, however, were obtained when a 
thin bulb of pure glass was used and the bulb heated during the evacuation. But 
even in this case, after the first evacuation the bulb was filled with carbon monoxide 

* The mercury meniscus in the short arm always remains as clear as a mirror. From its position and 
an ordinary calibration of the capillar}^ tube of the manometer, the variation in the mercury column can 
be determined with even greater accuracy than 0*05 millim. The readings of the mercury meniscus in the 
long arm of the manometer, together with the upper ends of the sulphuric acid columns in the two arms, 
enables the length of the sulphuric acid columns to be measured with an accuracy much exceeding 
0*05 millim. mercury, considering that the specific gravity of the sulphuric acid is only about 1*85, 



AND STATICS UNDER THE INFLUENCE OF LIGHT. 34 5 

and evacuated to a high vacuum of about 0*01 millim. Taps (16), (17) and (21) were 
then closed, and chlorine prepared in (7) till the pressure in the reaction vessel 
became equal to about 10 centims. Tap (6) was connected with the removable 
pump (M), and (M) and (R) heated and evacuated, carbon monoxide sent into it 
from (15), again evacuated, and then (17) and (21) opened and the chlorine removed. 
The taps (17) and (16) were then turned off, (6) connected with the pumps, 
(R) evacuated, all vessels (13), (14), (15), (R), (S), (E') and (18) evacuated, and 
carbon monoxide from (9) and (10) removed as far as possible, partly by opening 
tap (11) and then removing the same from (15), &c, partly by allowing the freshly- 
prepared carbon monoxide to bubble for some time in (12). The bulbs (15), (S) and 
(18) were then finally repeatedly filled, at one atmosphere pressure or more, with 
fresh carbon monoxide from (10) (prepared in the dark, only one incandescent lamp 
at a distance being used). The quantity and pressure of the carbon monoxide 
introduced into the glass bulb (18) is known from the volume of the bulb and from 
the indications of the manometer connected with it. The tap (17) was then turned 
off; the reaction vessel was next completely protected from light. The tap (28) 
was now turned on, and 1 or 2 centims. of the tube containing cupric chloride was 
then slowly and cautiously heated (in the dark), so as to evolve chlorine and to allow 
it to pass to the reaction vessel at a slow rate. From the indications of the 
manometer the amount of chlorine introduced into the quartz vessel was known, and 
the production of chlorine was stopped by removing the burner from the tube as 
soon as the desired quantity of chlorine, which is very small, had been introduced 
into the quartz vessel. The capillary tube was immediately sealed up with a hand 
blow-pipe at i f — -where it had been previously drawn out. After the heated parts 
had cooled down, the position of the meniscus of the mercury and of the concentrated 
sulphuric acid was read in both arms of the manometer by means of a faint light, 
as well as the temperature of the room and the barometric pressure. The manometer 
(E 7 ) was again read, the tap (22) closed, the tap (21) opened, and the carbon 
monoxide, which is at a greater pressure in (18) than the chlorine in the reaction 
vessel, was slowly allowed to pass through the drawn-out capillary tube (at i„) to 
the quartz vessel, so as to keep the S0 4 H 2 column over the mercury the whole time 
long enough, and when the mercury no longer moved in the manometer (E), the 
tap (21) was closed and the capillary tube sealed at i u — where it was previously 
drawn out. The vessel was again allowed to cool and the temperature and pressure 
readings again noted. 

From the variation in the height of the manometer the quantity of carbon 
monoxide introduced into the quartz vessel was known. The volume of the bulb (18) 
is immaterial, if it is of sufficiently large size to allow of the introduction of any 
desired quantity of carbon monoxide into the reaction vessel. The bulb (18) was 
then taken off, the end with the tap (21) immersed in a beaker containing a solution 
of potassium iodide, and the tap opened. It was found that with the above 
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arrangements, i.e., with a thin capillary tube drawn out at (i /7 ) and with an over- 
pressure of carbon monoxide in (18), not a trace of iodine (i.e., of chlorine) can be 
detected in the bulb (18), even with such a sensitive reagent as freshly-prepared 
starch solution. By leaving the tap (21) intentionally open for half an hour, only 
small traces of chlorine could be detected in the bulb (18). This shows that the 
diffusion of the heavy chlorine gas to the top through a very thin capillary into the 
vessel containing carbon monoxide, which is a vacuum for chlorine,* is extraordinarily 
slow. For this reason the method of filling the vessels must not be reversed, 
i.e., we must not fill the quartz vessels first with carbon monoxide and then with 
chlorine from the bulb, nor can we uniformly mix the two gases in the two vessels 
by opening the tap (21), even when the capillary tube is large, a method adopted in 
many similar investigations, but which was found, at any rate in this case, to be 
wrong. 

The Removal of Chlorine from Tubes (7) and (8) and from the Quartz Vessel. 

Removable Pump. (See fig. 3, Table I.) 

Before passing to the description of the methods of preparation of pure chlorine 
and carbon monoxide, a few words must be added as to the mode in which chlorine 
can be completely removed from the vessels before a new experiment is proceeded 
with. The removal of carbon monoxide is a simple matter— this being done by the 
Topler pump, but chlorine cannot be removed by the Topler pump, because even 
small quantities of chlorine instantly attack the mercury. All attempts to protect 
the mercury pump by inserting tubes with precipitated copper or mercury for the 
absorption of the passing chlorine completely failed. This, however, was effected in 
the following manner : — The vessel (M) was connected through (30) with the vessels 
containing chlorine and was heated and evacuated through the taps (29) and (31), 
connected with (15) by means of a Topler and Fleuss pump, and while the tap (30) 
was turned off, the taps (29) and (3l) were then turned off and the tap (30) turned 
on. A great part of the chlorine passes from the vessels containing it into the 

* In this research the velocity of combination of chlorine and carbon monoxide, as a function of the 
reacting masses, had to be studied. A horizontal gauge, as used by Bunsen and KOSCOE, could not be 
employed, because very great variations in the reacting concentrations or masses of the gases, amounting 
to 70-80 per cent., had to be studied. Thus a mercury manometer had to be employed. To be able to 
carry out this research, in view of the chlorine attacking the mercury, advantage was taken of the 
extremely slow diffusion of chlorine, which in concentrated S0 4 H 2 is still smaller than into a vessel of 
carbon monoxide, which is a vacuum for chlorine. If the column of the concentrated S0 4 H 2 over the 
mercury in the manometer is taken long enough (10 centims.), and care is taken that the filling of the 
quartz vessel with chlorine or carbon monoxide is very slow, so that the concentrated S0 4 H 2 should not 
remain on the walls of the capillary tubes, but have time enough to run down, then we find that the dry 
chlorine will not attack the mercury for days, and even weeks. Sometimes we find after a longer time 
that the mercury meniscus becomes a little dull, without, however, losing its shape, and without the 
mercury losing its mobility, and without interfering with accurate reading. 
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vessel (M). The tap (30) was again shut and the india-rubber tube removed from 
the tap (31). After opening tap (29) and carefully allowing air to pass into (M), the 
vessel (M) was detached from the rest of the apparatus at (32), where the ground 
tube (N) perfectly fitted into the neck of (M). The chlorine was then removed from 
(M) by blowing through a tube introduced into it through its neck ; (M) was now 
replaced on the tube (N) and evacuated. Chlorine was aspirated into (M) and blown 
out until a pretty high vacuum was obtained in all the apparatus. Air was then 
allowed to pass into the vessels which contained the chlorine and the whole again 
evacuated directly by the Fleuss pump, and finally to a high vacuum by the Topler 
pump, in the ordinary way. Chlorine can now be again prepared from the copper 
chloride in (7). 

Experience has shown that the only and perfectly reliable way of getting pure 
gases free from any contamination with air is to remove, before each experiment, the 
chlorine and carbon monoxide (though they are apparently perfectly pure) from all 
the heated vessels as completely as possible, and to immediately prepare perfectly 
fresh chlorine and carbon monoxide. As soon as they are prepared they are sealed 
up in the quartz vessel (or the glass bulb used instead of it) as quickly as possible. 



The Preparation oe Pure Gases. 
A. Preparation of Pure Chlorine. (See (7) and (8) in fig. 1, Table I.) 

In order to get chlorine free from any admixture of air and water vapour, which 
prove to be most fatal to the gas mixture, and also of any other gas, the ordinary 
simple methods could not be employed. It was therefore prepared either from 
platinous chloride or cupric chloride in a vacuum. Cupric chloride, suggested by 
Dr. Ludwig Mond, has great advantages in comparison with platinous chloride ; it is 
very much cheaper, water can be easily removed from it, and there is no danger that 
oxygen or hydrogen from the air will be absorbed by the residue, as is the case with 
platinum. Besides this, occluded gases cannot be completely removed from the 
platinum unless by exhaustion at a temperature higher than that at which platinous 
chloride gives off chlorine. Cupric chloride, so called " purissima," always contains 
hydrochloric acid. This, it was found, cannot be completely removed. The cupric 
chloride was, therefore, prepared from precipitated copper and chlorine, taking all 
precautions to avoid conditions which might contaminate the product with hydro- 
chloric acid. Finely divided copper, precipitated from a solution of copper sulphate 
by means of zinc, was placed in a long combustion tube drawn out at both ends. 
The hydrogen current, first washed and dried, was passed over the copper (heated to 
a dull red heat) for several hours to remove the film of oxide. The tube was next 
sealed at one end and exhausted, and air was then allowed to pass into the tube, 
which was again exhausted and heated. The hydrogen was thus completely removed. 

2 y 2 
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The end of the tube was then opened and a current of chlorine, prepared from 
manganese dioxide (freed from carbonates) and concentrated hydrochloric acid, passed 
through two wash-bottles of water and two bottles of concentrated sulphuric acid, 
was passed over the reduced copper. 

Chlorine combines with copper in the cold, but as the reaction progresses the 
copper and tube become heated from one end to the other. The heat developed is 
usually so great that the cuprous chloride formed melts to a cake. When the contents 
of the tube have become green, the tube is broken, the mixture of cuprous and cupric 
chlorides is powdered and placed in a Jena tube drawn out at both ends. The tube 
is now heated for its whole length to about 250-300°, and chlorine is allowed to pass 
over it for a long time, the tube being shaken from time to time, when more chlorine 
is absorbed. The whole mass is then allowed to cool in the current of dry chlorine. 
From the increase in the weight of the tube and the weight of the copper taken, the 
amount of the cupric chloride formed can be calculated, and, if necessary, the 
operation of passing chlorine over the heated mixture of cupric and cuprous chlorides 
is repeated. There is no necessity for the whole mass to be transformed into cupric 
chloride. A current of air is then drawn through the tube to remove the chlorine, 
for the reason stated above, and then one end of the tube is sealed up. 

Tube (7) with cupric chloride and cuprous chloride thus prepared is now ready to 
be used for the experiment ; it is placed on a combustion furnace, one end of it being 
connected by means of a piece of india-rubber tube used for vacua to tube (8), 
containing phosphorus pentoxide, and the india-rubber covered with Crookes' cement. # 

* It was found that no tube of soft glass could be used, the atmospheric pressure outside pressing the 
glass in at the places where the tube was heated. Thus a tube of hard glass had to be used. This, as 
known, cannot be joined with the soft glass of which the glass cylinder of the quartz vessel and the 
capillary tubes are of necessity made. Since it was found that air (oxygen) and water vapour are just 
the gases which are most fatal for the gas mixture, the heating of cupric chloride in a vacuum was 
inevitable, and no other method could be employed instead. Luckily, the amount of chlorine gas required 
for each experiment was exceedingly small, and only about -% \^ gram. mol. of cupric chloride had to be 
decomposed for each experiment, i.e., only 1 or 2 centims. of the tube (7) had to be heated, and, since the 
filling of the quartz vessel with chlorine and carbon monoxide had to be carried out (for reasons given 
above) slowly, and cupric chloride decomposes at a comparatively low temperature, this centimetre or two 
of the tube had to be heated slowly and cautiously with only a comparatively small flame. Tube (7) was 
heated at the sealed end, which is more removed from tube (8), and the glass of (7) is made to meet the 
glass of (8). Under these conditions not only is the glass of (7) and (8), where they meet, quite cool, but 
the tube (7) is so already, being 30 or 40 centims. removed from (8). The gas passed the drawn-out cold 
tubes (7) and (8), where they meet, with the india-rubber collar on the top, for only about 10 minutes. 
Under these conditions no traces of the action of chlorine upon the india-rubber collar can be found on 
cutting the same, or by chemical analysis. Chemical analysis, however, can give us little information 
about small impurities when the quantities of gas are so small as those which I had at my disposal. 
There, however, still remains a superior analysis for impurities, when no chemical or physical method can 
be of any more use, viz., the possibility of getting regular curves and a velocity constant. This analysis 
showed that either the chlorine is absolutely free from any impurities, or that they are so small and of 
such a kind as not to interfere with the phenomena under consideration. 
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Before the chlorine was prepared for the experiment the tube containing cupric 
chloride, (7), and the tube (8), with phosphorus pentoxide, were connected with the 
tube (20) leading to the quartz vessel (II), and heated and exhausted till the pressure 
was reduced to not more than 0*01 millim, In this way the air was first expelled from 
all vessels and from the cupric chloride. The tap connecting all these parts with the 
mercury pump was then shut, and 1 or 2 centims. of the tube (7) gradually heated 
nearly to red heat and chlorine slowly evolved. When the manometer indicated 
that the pressure of the chlorine was about 10 centims., the heating of (7), and with 
it the formation of chlorine, was stopped. After removing the chlorine by means of 
the removable pump, fresh chlorine gas was admitted. This process was repeated to 
expel the last trace of air, when chlorine was again introduced and sealed up in the 
tube. 

B. Preparation of Pure Carbon Monoxide. (See (9), (10), (13), (14) and (15) 

of figure (1), Table I.) 

Carbon monoxide gas was prepared from sodium formate (35 gr.), and a mixture 
of concentrated sulphuric acid (200 gr.) and water (100 gr.), the proportions 
given by Lord Rayleigh. Carbon monoxide is produced when the mixture is 
heated, and its formation is stopped when the mixture is cooled down to the ordinary 
temperature, so that the same solution can be repeatedly used for the production of 
carbon monoxide. 

The experiment was so arranged that neither the vessels nor the liquids used for 
the reaction contained any air. The sodium formate was introduced into (10) 
through the neck (25), the stopper of which was so well ground that when covered 
with vaseline it could stand a vacuum for any length of time when the pressure of 
the carbon monoxide in the vessel was one atmosphere. Vessels (9) and (10) had 
the U-tube (13) containing pieces of caustic potash, the long and wide tube (14) 
containing phosphorus pentoxide and the carbon monoxide reservoir (15), as well as 
the tube (H) between (16), (6) and (17), the purpose of which was to protect the 
carbon monoxide in (15) from contamination with air, were all heated and completely 
exhausted. During this taps (11) and (16) were open, and taps (24), (26) and (17) 
were turned oft. 

The air had next to be removed from the channels of the taps (24) and (26). This 
was affected in the way shown in figure (4). After all the vessels (9), (10), 
(13), (14), (15), &c, were evacuated to a high degree, a capillary tube (t f ) with the 
tap (T) at one end and a piece of india-rubber tubing (R) at the other drawn-out 
end, was pressed tightly into the tube of the funnel of (10), and another similar 
one into the funnel of (9). (T) was turned off, (24) opened. After this the same 
was done with tap (26). Since the volume of the channels in the taps (24) and (26) 
and the space above them is perhaps only 0*3 cub. centim., while the volume of all 
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the vessels is about 1500 cub. centims., the pressure in all the vessels is only about 
0'15 millim. The taps (24) and (26) were then closed and tap (T) opened to allow 
the removal of the tube {t f )> A little water was brought over the taps at (24) 
and (26). Vessels (9), (10), (13), (14) and (15) were then again brought to a high 
vacuum, and it is evident that the air still contained in the channels of the 

taps (24) and (26) (the pressure in them being 0*15 millim., 
and the volume about 0*02 centim.) could later on introduce, 
when opened to allow liquid to pass through them to (9) or 
(10), a contamination with air into the vessels of only about 

0*15 x 0*0"? 

~ *"* Taps (16), (6), (17) and 




1500 



= 0*0000002 millim. 



J- !££« ~tt 



(11) were now closed and a concentrated solution of caustic 
potash in water, first boiled in a vacuum and freed from air, 
and kept in an evacuated flask, poured into the funnel of (24). 
Some of the caustic potash solution was forced into (9) 
through tap (24), but not so as to reach the tube leading 
from (9) to (10), to prevent the vapour pressure in (9) from 
pressing the solution into (10). Into the funnel of (24) a 
mixture of two parts of concentrated sulphuric acid and of one 
part of water boiled out in vacuo was quickly introduced. About 
250 cub. centims. of the sulphuric acid solution was rapidly 
passed into (10), and a burner placed under it ; more caustic 
potash solution was again passed into (9) until tube (32) in (9) 
was covered about 2 centims., when the vessel (10) was rapidly 
heated by passing a flame round it. In this way the caustic potash solution may be 
prevented from passing into (10) through tube connecting (9) and (10), and it 
a trace of it does pass into (10) it is subsequently neutralised by the sulphuric acid 
and does not affect the result in any way. Vessel (10) must be heated on all sides to 
avoid bumping. Tap (11) is turned off during the formation of carbon monoxide to 
prevent the distillation of water into vessels (13) and (14) containing solid caustic 
potash and phosphorus pentoxide. The carbon monoxide formed in (10) passes 
through a solution of caustic potash in (9), leaving there any traces of carbonic acid 
or of sulphurous acid, and it presses the mercury in (33) down until it begins to 
bubble through the mercury seal in (12), passing from there through tube (34) to the 
open air. The carbon monoxide is then pumped up at the end (35) till the pressure 
in (8) and (10) becomes about 150 millims.. the carbon monoxide which is still being 
formed bringing the mercury in tube (33) down again till it begins to bubble through 
the seal in (12). Repeating this several times, we expel the last traces of air from 
the vessels and liquids. The vessels (13), (14), (15), (5) and (18) were then filled 
with carbon monoxide. Tap (11) is partially opened, so that the carbon monoxide 
should not bubble too rapidly through the solution of caustic potash and only slowly 



AND STATICS UNDER THE INFLUENCE OF LIGHT. 351 

through the concentrated sulphuric acid in the tilted vessel (3). After a short time, 
when the mercury had risen in tube (33) about 10 centims., tap (11) was turned off 
again. This is done because the formation of carbon monoxide goes on more quickly 
and regularly as the pressure of carbon monoxide increases. When the newly formed 
carbon monoxide again begins to bubble through the mercury, the tap (11) is again 
opened and shut as before ; this is repeated until the pressure of carbon monoxide 
becomes everywhere a little over one atmosphere, i.e., the mercury column in (33) 
does not rise again when the tap (11) is opened, and carbon monoxide continues to 
bubble through the mercury (if a still higher pressure is desired the tube at (35) is 
closed). The taps (11) and (16) are now closed (open at 35), allowing the carbon 
monoxide gas to bubble through the mercury and escape to the air. After removing 
the burner from (10) it is rapidly and uniformly cooled on all sides by means of a wet 
cloth, until the formation and bubbling of carbon monoxide through the caustic 
potash ceases. The tube (4) is also filled with carbon monoxide at the same time in 
order to protect, subsequently, the carbon monoxide in (15) from contamination with 
air. The glass tubes of the different parts of the apparatus are directly joined 
together without the use of india-rubber tubes, and all the taps have mercury seals. 

In the funnels of (9) and (10) sufficient caustic potash solution and of sulphuric 
acid solution is always left, and taps (24), (26), and (25) should be so exceptionally 
well ground that even after many weeks (when covered with vaseline) the taps remain 
quite transparent. The object of these precautions was that pure and fresh gas might 
be prepared quickly for each experiment. Carbon monoxide gas, which had been 
kept in the vessels for even small lengths of time, was never used. When an experi- 
ment was made, vessels R, S, (18), E, (15), (14), (13), &c, containing pure carbon 
monoxide, were always first evacuated, heated, and the freshly-prepared carbon 
monoxide passed directly into the bulb (18), allowing it to bubble slowly through the 
concentrated sulphuric acid in (S) as described. The tap (22) was then turned off*, 
(21) turned on, and then the capillary tube (19) at i tt was immediately sealed up with 
a hand blow-pipe. 
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Arrangements for an Acetylene Light of about 250 Candle-Power of 

Constant Intensity. 

Generator. (Arrangement for Constant Pressure.) 

Acetylene generators, although they have some advantages over the ordinary gas- 
holder, have also some disadvantages ; firstly, because every time a fresh container of 
carbide is used, a fresh portion of air from the container is mixed with the gas, and 
though the volume of the container is very small in comparison with the volume of 
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the acetylene gas in the gas-holder, still the mixture is undoubtedly a source of error, 
and special precautions have to be taken to remove the first portion of the acetylene 
formed from the container, so as to keep the composition of the gas during the 
experiments as constant as possible. Secondly, the pressure of the gas from such a 




Fig. 5. 

Sketch of Acetylene Burner and Purifier, Thermopile, Reaction Vessel, Bath, Water Manometer, and 
Cathetometer. — A.B., acetylene burner; P, purifier; R.Th. 3 Rubens thermopile; B, bath; R,V., 
reaction vessel; M, mercury manometer of reaction vessel; Cat., cathetometer; W.M., water 
manometer. 

generator varies very considerably in comparison with that supplied from large gas- 
holders. The generator used was the so-called " Incanto," by Messrs. Thorn and 
Hoddle, with variations of 10 per cent, in the pressure of the gas delivered. This 
variation in pressure was found to be due to the strain of the floating balls on the 
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chain of the generator, but a modification reduced the variations to about lijr per cent. 
The axis x (fig. 6) on which the ball L turns, was filed up till the movement of the ball 
in the axis was easy, and /3, which guides the balls, as 
well as the stem of L at a, were then filed and clamped 
to give the ball a perfectly free movement up and down, 
but not much side play. Sheets of lead (s) were then Fig. 6. 

fixed round the stem as near to the balls as possible, and 

the weight carefully adjusted so that a small additional weight of about 10-1. 5 grammes 
placed near the balls should draw them quite down and open the valve, and that the 
removal of this weight should bring the balls up again, closing the valve. The 
modified generator gives, without a balance governor, for the heights of the bell out 
of the tank, between 16*5 centims. and 5 centims. (these are the limits within which 
the bell of the gas-holder chiefly varies in its height during the production and con- 
sumption of gas), a variation of only 1*5 rnillim. for 100 millims., i.e., of 1| per cent. 
These variations of the pressure were further reduced by the balance governor. 

It was found that with a burner of such a candle power as I had to use (about 
12 X 20 = 240 candles), a pressure of about 4 inches is necessary (instead of the 
usual 2). For this the upper chamber of the gas-holder had to be almost filled with 
water, leaving only space sufficient for the expansion of the water (in the winter care 
must be taken that the water does not freeze when the gas-holder is in the open air ; 
more free space or a salt solution must be used). The gas generator was placed on the 
roof of the laboratory ; from the generator a lead pipe brought the gas to the room ; 
first to the balance governor, from the balance governor to the regulating tap, from the 
regulating tap to the water manometer WM, and then to the purifier ; here it passed 
over the purifying substance of the lower cylinder, then of the higher cylinder, and 
thence to the burner. 

The Regulating Tap to counteract the different sources of error was of the ordinary 
type. One tap, a, must always be quite open, when acetylene is consumed during 
the experiments. By turning another tap, the quantity of gas passing per unit of 
time to the burner is regulated, and the adjustment is indicated by the pointer on a 
fixed scale of 90 degrees. The purpose of this tap was to adjust the supply of gas 
to the burner so that the intensity of the acetylene light should, under varying con- 
ditions, always be kept the same. A series of conditions affect the intensity of the 
acetylene flame and necessitate the use of a regulating tap, such as the variation in 
the diameter of the outflow tubes in the nipples of the burner or the variation of the 
atmospheric pressure, which though in one and the same day hardly ever varying more 
than 1 or 2 millims., changes during a longer period considerably. There is another 
source of error of an irregular but temporary nature which also necessitates its use : 
the admixture of air when a new container is used. Everything was done to remove 
this source of error at its source. When a new container was introduced, the tap 
supplying water to the same was opened, and the cross-bar of the container pressing 
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a metal plate on the india-rubber ring somewhat loosened. Water entered the 
container, the tap was turned off, and the acetylene with the admixed air allowed to 
escape between the metal plate and the india-rubber ring. This was repeated two or 
three times. In this way the air was expelled from the carbide containers so that 
when the cross-bar was tightened up and the tap opened again, no appreciable effect 
of the new container upon the acetylene ought to have taken place. With such 
precautions this source of error quickly disappears, owing to the gas-holder, leading 
pipes, balance governor, purifier, and burner containing a great quantity of pure 
acetylene — as can be seen from the observed intensity of light read from the deflection 
of the galvanometer. Variations, however, still existed, and sometimes required to 
be adjusted by the regulating tap. Another possible source of error was the variation 
in the composition of the gas, arising from the carbide used not being always of the 
same quality (it is not certain that such a source of error does exist). This was 
counteracted by the adjustment of the regulating tap. 

These adjustments were always guided by the indications of the deflection of the 
galvanometer, 

Water Manometer. (See fig. 5.) 

Since it was necessary to work with a pressure of about 4 inches when the tap of 
the burner was shut, and of about 2 J inches when it was open, 0"! millim. variation 
in the height of the upper and lower side of the water manometer would indicate 
0*2 millim. in 25 millim., ix* } 0*8 per cent, variation in the pressure of the gas. Its 
chief purpose is to indicate in a quick manner, whether all the apparatus connected 
with the supply of the acetylene gas to the burner is in good working order. 

The Acetylene Burner. (See fig. 5.) 

All attempts to get a light of a great candle power, which would remain of a 
constant intensity and composition have been, as far as I know, unsuccessful up to 
the present. We have now standard lights of 1 or 1 candle power, but w r e have 
none of 200 or 1000 candle power, since the light of the arc varies considerably 
both in intensity and composition. The object here was to obtain a light of, say, 200 
or 500 candle power, or of any other intensity desired, which would remain constant 
in Its intensity and composition for any length of time, which could at any time be 
easily adjusted with great accuracy to the desired intensity, and which could be used 
with ease in the ordinary work of a laboratory. With the burners on the market 
which were tried, the gas is always passed either through a very thin slit giving a 
flat flame, or through two thin pinholes — the two gas streams meeting in one point, 
and giving again a thin flat flame (24-30 candle power). This is done in order to 
get the surface of the flame in contact with the air as large as possible, to obtain 
complete combustion and as white a flame as possible. It w 7 as found that after 
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24 hours' use — often even after much less — the candle power of the burner, either 
with the slits or pinholes, was no longer the same, and very often the slit or 
pinhole was already so much carbonised that the flame began to smoke ; on the 
contrary, pinholes with a larger diameter, giving 40-50 candle power the pair, 
require a very much longer time before they become carbonised and begin to smoke, 
though even their candle power also diminishes with time. Since the form and even 
the thickness of the flat flame changes continuously, we can only get a constant 
light by cutting out a piece from the middle of the flame for a certain time, screening 
all the rest of it. Since we cannot get one flat white flame, by means of several gas 
streams directed to the same point, of more than 60 or 70 candle pow r er, the increase 
of thickness or of the size of the flame beyond the 70 candle power being always 
accompanied by the formation of smoke, we could thus, in the best circumstances, 
not get a constant flame of more than 20 candle power, a candle power not very 
different from standards already existing. On the other hand, it was impossible with 
several flat flames to get one light of great intensity in a small space, since the flames 
cannot be placed very near to one another (owing to the form of the burner), and a 
flame of 200 or 250 candle power (12-15 nipples) necessarily occupies a very large 
area. If w r e further consider that each of the flames is different from the others in 
size and form, and that the flame of any one burner soon changes in form and size, 
and that only a small part of each could be cut off securely by a screen so as to give 
a constant light for some time, it is evident that the number of lights or nipples 
which would be required for a 200-250 candle power light to remain constant w T ould 
be about 40 or 50. Assuming that even the greatest care be taken in placing the 
burners and screens on as small an area as possible, still the burner would occupy too 
much space, and no point or line could be calculated from the different lights which 
could theoretically be assumed to be the point or line from which the total light 
was coming. 

The burner which was ultimately constructed free from these difficulties is that 
shown in the drawing (fig. 5). 

The wide tube A of the burner is divided into four narrower tubes as shown, 
leading at intervals of 90° into the channel of a hollow ring cut in the brass ring. 
In the hollow brass ring (AB) 12 small brass pieces containing capillary tubes were 
fixed, and in the end of the brass pieces nipples were fixed. Each nipple has one 
round pinhole of about 15 or 20 candle power; the holes are parallel to each other, 
and each gives a flame in the form of a straight thick line of a few millimetres 
diameter and of a few centimetres in height. Round the brass ring a brass jacket 
is fixed, forming a hollow ring connected with the tubes r and r\ Water runs 
continuously through the hollow ring of the burner, which thus remains cool, in 
spite of the fact that flames of about 200-250 candle power are concentrated in a 
very small area. Using this arrangement of the burner, w r e find that the acetylene 
flame becomes perfectly pure and clear, and remains so for any length of time, even 
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when the nipples have pinholes of only 15 or 20 candle power each. The clear 
circular flame so obtained consists of lines interrupted by narrow air spaces. Having 
all twelve lines in a narrow circle of only 1 or 1| inch diameter, at equal distances 
from one another, the direction of all the flames perpendicular, and the flames of 
equal length, though, perhaps, of not quite the same thickness, we can safely assume 
that the light comes from a perpendicular line drawn through a point near the centre 
of the narrow circle. 

Since the error arising: from small variations in the thickness of the lines cannot 
possibly in this case be greater than 1-2 millims. in the distance, this can, for the 
distance we have to use (^ to 2 metres), be completely neglected. The variations 
in intensity in the line of the flame proved to be due chiefly to variations in its top ; 
by means of the chimney y, all the top parts of the line-flames are cut off. Owing 
to the draught the lines are straightened and the air supply increased, while the 
products of combustion are removed and a clear white flame, remarkable for its 
constancy and brilliancy, is obtained. The screen and chimney y can be moved 
higher or lower by means of the screw d, so as to get not only a constant flame with 
the photometer, but a flame of the desired intensity, the rest of the adjustment of 
the intensity being produced by means of the regulating tap. Besides the upper 
part of the flame, the lower part was also cut out by means of an adjustable short 
cylinder, which was also water-jacketed and connected with the water jacket of the 
burner. 

Thus, with the simple arrangements described (generator, balance governor and 
burner), a source of light of 200-250 candle power (or 500 candle power and more, 
according to the number of nipples employed) can be obtained, which will remain 
constant, within 1 or 2 per cent., for a considerable time without regulation or 
adjustment. ^ By means of the regulating tap and measuring instruments, the 
intensity of the light can be adjusted with an accuracy to 0*1 per cent., and even 
much less. 



The General Arrangements used for the Measurement and Adjustment 

of the Intensity of the Acetylene Light. 

The Principle of the Method. Acetylene as a Universal Standard from 

0*1 or 1 to 500 or 1000 Candle Power. 

The light of the acetylene burner, which is placed at a certain distance from the 
thermopile, is allowed to fall on the exposed junctions of the Rubens thermopile 
(with 40 iron-constantan junctions), which is connected with galvanometer. A 
second measurement is made directly after by means of a Clark cell and standard 

* It should be noted that with the increase of the candle power of the burner, a greater pressure of the 
gas (in the gas-holder, &c.) is necessary for getting the best conditions for the name. 
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manganin resistances (manganin. 100,000 ohms, 6 ohms in the shunt were used, as 
shown in the diagram ; the coil of the galvanometer, also of manganin, is 3 ohms). 
These resistances give, under the conditions of experiment, a sufficient deflection 
(about -f 15 centims. to — 15 centims.), so that the value of the deflection caused 
by the acetylene light is always measured in standard units, independent of the 
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Fig. 7. Diagram to show arrangement of apparatus. 



sensitiveness of the galvanometer, &c. (the diagram also shows that the difference 
between the temperature in the quartz vessel immersed in the bath, owing to the 
reaction which takes place in it, and that in the bath is also measured with the same 
galvanometer by means of iron-nickel thermocouples ; this, however, has nothing to 
do with the photometer itself). 

The principle of the measurement of the light intensity consists in its deter- 
mination objectively by means of the deflection of the galvanometer and standard 
units (Clark, manganin resistances). We believe that if two sources of light 
(say acetylene gas) at a fixed distance, say 1 metre from the plane containing a 
given thermopile (with a given number of iron-constantan junctions), in the same 
relative position to the thermopile (the lines of the flames being parallel to the 
line of the exposed junctions and seen in the same position from the narrow tube in 
the double copper cylinder of the thermopile), give, or are made to give, the same 
deflection in standard units, then, the intensity of the lights must be the same, 
provided they are quite pure and free from smoke and that the burner is cool. We 
assume that the heat effects of any source of light upon the exposed junctions of the 
thermopile, i.e., the rise of their temperature, will be directly proportional to the 
amount of light falling upon them, i.e., to the intensity of the light. This point is 
of primary importance. A careful theoretical investigation of it was absolutely 
necessary, and the investigation confirmed the conceptions. The electromotive force 
of the thermopile being thus directly proportional to the difference of temperature 
of the thermo-junctions exposed to the light, and of those which are left in the dark, 
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the intensity of the light of a given source of light must be directly proportional to 
the corrected deflection of the galvanometer (or to the tangent of the angle), and 
can be measured by it. 

It should be remarked that this objective method of measuring the intensity 
of light by means of a thermopile (or bolometer), and of checking it by means of 
a Clark cell and known standard resistances, measures the total heat energy 
produced by the given source of light in the thermopile, and thus differs from the 
other methods of measuring the intensity of light, the ordinary photometers, 
based upon the physiological effect of the light upon the eye. No doubt there is a 
distinct difference between the two ; an acetylene light which we physiologically 
perceive, say of 16 candle power, is very much cooler than a 16 candle-power coal- 
gas light. The temperature to which the exposed junctions of the thermopile will be 
raised by the rays of flames of the same candle power, but from different sources of 
light, will therefore be different, the more so as the colour and composition of 
different lights are also different. Properly speaking two lights from two different 
sources (say acetylene and coal gas, or arc light) can neither be compared physio- 
logically on account of their different compositions, nor in the objective way by 
means of a thermopile or bolometer, as given above, and no light can be compared 
except with a light of the same nature. For comparison of two lights of the same 
kind there can be no doubt that the objective method by means of a thermopile or 
bolometer is by far more accurate and reliable than measurement in the physiological 
way. As, however, for many practical purposes, the intensity of different lights has 
almost always to be expressed in candle units, different sources have to be compared 
and measured in this physiological way as far as it is practicable. In this photo- 
metric work, at any rate, all the standard units for comparison, the small as well as 
the large ones, ought to be correct multiples of one another, i.e., ought to be- 
all from the same source of light and of the same composition. Acetylene, as far as 
we know, is the only source of light which gives reliable standards from very small 
units, such as 0*1 or 1 candle power (when only a part of the line is used) up to very 
great units, such as 500-1000 candle power (when many lines on a space of about 
2 inches in diameter should be used), and, except the burners, the same arrangements 
can be easily manipulated for fixing and adjusting all the standards in an absolutely 
correct and objective manner, as described here. 

The author now passes to the description of the thermopile and of the other parts 
of the arrangements, indicated by the above diagram, which were used for measuring 
the intensity of the acetylene light. 

The Thermopile (or Bolometer). See fig. 5. 

A detailed description of the thermopile used is given by Uubens in the 
c Zeitschrift fur Instrumentenkuude/ 1898, pp. 65-69, but a few data with regard 
to it must be given here. 
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The thermopile has 40 thermo-j unctions # of iron and constantan, on an area 
of 2 centims., 20 of them in one line being exposed to the light, and 20 (10 in one 
line on each side of the line of the junction exposed to the light) remaining in 
the dark. The wires used are very thin (0*1 to 0*15 millim.), and the places of the 
junctions (those exposed to the light as well as those remaining in the dark, are 
hammered to little thin round plates (0*5 to 0*8 millim. diameter) so as to increase 
their sensitiveness to variation of temperature, and are made dead black. Before 
the line of junctions exposed to the light there is a small and then a larger cone of 
polished nickel, placed opposite and near the line of junctions, which causes a greater 
quantity of light to fall upon the junctions. The electromotive force of the thermo- 
pile is 0*00106 volt per 1° C. 

In connection with the Rubens' thermopile a Crompton's dead-beat galvanometer 
was used, in order to avoid the numerous disturbances experienced by galvanometers 
other than that of the D'Arsonval type, and its sensitiveness was adjusted to get a 
sufficiently great deflection of the spot of light — not to get the greatest possible 
deflection, but to arrange the measurements of intensity so that after they were 
brought to a great accuracy, say of 0*1 per cent., the measurement should be made in 
an easy, steady, and reliable manner, and independent of numerous obstructive 
influences lying beyond the thermopile itself. This meant that special precautions 

had to be taken with both the thermopile and the galvanometer. 

Whatever form is given to the thermopile, the next precaution, especially when a 

sensitive thermopile (or bolometer) is used, is to protect it from the influence of the 
surrounding medium, so as to secure concordant results. The junctions which are 
exposed to light are necessarily much more exposed to all sorts of air currents than 
those protected and covered from the light, and are also more subjected to the 
influence of the variation of the temperature of the room. The unavoidable 
continuous use of the acetylene flame to be measured by the thermopile from time to 
time, produces air currents, set up by local differences in the temperature of the room. 
The sensitiveness of the whole arrangement was necessarily so great that if the hand 
was put before the thermopile at the distance of 1 or 2 decimetres, the deflection of 
the galvanometer was considerable. This difficulty was evaded in the following 
manner : — 

The thermopile was enclosed in a cylinder of thin copper (about 1 millim. thick ; 
the two circular sides of the front and back being made of the same thin copper. 
In the centre of the front side a circular opening of about 4^ centims. was cut and in 
this a copper tube of the same diameter (for the quartz plate) was fixed. In the 
centre of the circular copper plate behind, a thick but very narrow tube (of about 
3 or 4 millims. internal diameter) w^as fixed for the purpose of seeing and directing 
the thermopile upon the light of the burner. The thermopile was fixed on a piece of 
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Through an accident our thermopile had only 38 junctions. 
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ebonite in the middle of the air space of the inner cylinder, so that the larger cone 
should be fully exposed to the light (except a little of the four corners, the whole 
cone was exposed) and the thermopile everywhere equally removed from the cylinder. 
To protect the thermopile from moisture, which is especially fatal to its iron wires, 
a cylinder with calcium chloride was put into the inner cylinder. By means of the 
tubes in front and behind, the copper cylinder was fixed in another larger copper 
cylinder, and the space between was filled with 6 or 7 litres of water. Except the 
small space of the larger tube in the front side, the narrow tube behind and 
two narrow tubes on the top, filled with Faraday wax, through which the insulated 
leads from the thermopile were drawn, the inner cylinder was thus enveloped on all 
sides by a thick layer of water. The outer copper cylinder was entirely covered by 
very thick sheets of asbestos. In this way any variation of temperature in the inner 
cylinder was counteracted by the conductivity of the copper sides, surrounded 
by water, while the thick sheets of asbestos and the large quantity of water between 
the cylinders made any rapid change of the temperature of the water due to 
alteration in the temperature of the room impossible. 

It was found that if a continuous water current from the main was passed between 
the two cylinders (even if the current was passed simultaneously in different places 
between the cylinders as well as between the front and back sides of the cylinder, 
and the water from the main was used only after half an hour or an. hour, when the 
temperature of the water from the main ought to be constant), very large deflections 
of the galvanometer, as much as several centimetres, were observed, and these varied 
continuously though the thermopile was closed to light and should have given no 
deflection at all. Obviously the temperature of the water from the main is never 
quite constant, continually varying by several thousandths or even hundredths of a 
degree Besides this, layers of different temperature may exist in the bulk of the 
surrounding; water owing to the fact that the temperature of water from the main 
is lower than that of the room, and that it must take a long time before the 
() or 7 litres of water in the cylinders are replaced by fresh water from the main, 
i,(\, the bulk of the water is exposed to the influence of the warmer temperature of 
the room for a longer time, and this warmer water is being continually mixed with 
the cold water from the main. This difficulty was finally overcome by leaving the 6 or 
7 litres in the cylinders to assume the temperature of the room, giving up the stirring 
altogether and replacing the same by the water current from the main. Through 
this the difference between the temperature of the water and that of the room was 
made very small, i.e. } the warming of the water between the cylinders by the 
surrounding temperature of the room was made exceedingly slow. It should be 
observed that it is not the constancy of the temperature of the air space of the 
inner cylinder which we require, but that the variation of its temperature should be 
the same everywhere, and so slow that it should be in comparison with the velocity 
of cooling or warming of the thermopile by the surrounding air in the inner cylinder, 
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exceedingly small, while all the junctions should be at the same temperature in 
the dark. 

There still remained other sources of error. In the first instance, there was the 
quartz plate fixed in front of the larger tube closing up and protecting the inner air 
space from the air currents of the room. The quartz plate is exposed on the inside 
to the temperature of the air in the inner cylinder, on the outside to that of the 
room. There was additional reason why the temperature of the water between the 
cylinders and of the air space in the inner cylinder had to be brought to the 
temperature of the room ; because it is evidently necessary that the thermopile 
should be exposed to the same temperature on all sides. In the second instance, the 
quartz plate and the inner air space between the same, the cone and the copper ring 
upon which the quartz plate is fixed, are being heated by the rays of light while 
measurements of the intensity of light are carried out, the rest of the inner cylinder 
remaining unexposed. 

To counteract these sources of error the air space exposed to the light was made 
very small in comparison with the total air space of the inner cylinder. The narrow 
circular copper plate (cp, fig. 5), on which the quartz plate ((/) was fixed, was also 
water-jacketed by means of the india-rubber tube (?/), so that the four ends of the 
quartz plate, equal to about one-third of the total surface of the plate, were directly 
cooled by the narrow circular plate. In front of the quartz plate a large wooden 
screen was placed, and to its back (not to be seen in this drawing) a copper 
cylinder was fixed of about 1 inch in thickness and of the same diameter as the 
outside copper cylinder of the thermopile, filled with water of the same temperature 
as that contained between the two copper cylinders of the thermopile. 

In filling all the apparatus with water from the main, the space between the two 
copper cylinders was first filled with water through E. From the top of the outer 
cylinder the water passes through the india-rubber tube (y) behind the quartz plates 
and through the india-rubber tube (/) to the lower part of the cylinder which forms 
the water screen. From the top of the water screen the water passes through an 
india-rubber tube and pewter pipe (p) back to the tank, and then the run of water 
is stopped. The india-rubber tubes f and y allow the screen to move up and down, 
and when it is down the water screen quite covers the whole front surface of the 
copper cylinder of the thermopile, being removed from it by only about half a centi- 
metre. Direct tests of these arrangements showed them to be successful ; after the 
light has been used and the quartz plates again screened, the deflection returns to the 
same zero quickly (the thermo-electromotive force in the dark never exceeding about 
2 millims.), and remains so for any length of time, and the same deflection is obtained 
every time the screen is opened again. It takes only a fraction of a minute for the 
spot of light to attain its maximum deflection or return to zero." 
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The Galvanometer, do. (See fig. 7.) 

With an acetylene flame of about 250 candle power It was possible to use a 
Crompton's dead-beat galvanometer instead of the more sensitive one made by 
Nalder Brothers. 

One of the conducting leads p from the Rubens thermopile leads to the interrupter 
E (see diagram p. 357), the purpose of which is either to interrupt the current, or to 
bring the lead (p) from the thermopile into connexion with the lead (p) conducting 
to the galvanometer (</), or to connect the lead (A) from the nickel-Iron thermocouple 
of the quartz vessel with the lead ( p) conducting to the galvanometer. From E the 
wire passes to the reversing key, which Is enclosed in an asbestos box, and from here 
to the galvanometer (g). 

The spot of light from an electric incandescent lamp, after passing through a 
lens, was reflected from the galvanometer mirror upon a transparent celluloid scale. 

Great difficulty was experienced in steadying the galvanometer ; the suspension of 
the galvanometer In a box on an india-rubber band, and the placing of the box on a 
very heavy stone, which again was placed in its turn on thick pieces of india-rubber, 
gave vibrations of 1 to 2 millims., owing to the fact that the dark room the author 
had to use was near machinery at work. It was ultimately steadied In the following 
manner :— A soft thick copper wire was drawn from one wall of the room to the 
other, and the wire was first stretched and shortened until it stood the weight of the 
box containing the galvanometer suspended on two very thick and flexible rubber 
rings. Inside the box the galvanometer (with the wooden plate on which it was 
standing on pieces of copper) was suspended from one rubber ring on the hook 
of a screw, which was passed through a hollow wooden cylinder on the top of 
the wooden box and held by a nut, placed on a metal plate on the top of the 
wooden cylinder. By raising the screw outside and turning the nut the galvano- 
meter could be brought to any height desired, and by carefully turning the screw 
it could be placed at any angle, so as to get the spot of light at any required 
place on the scale. The screws of the galvanometer were resting upon metal pieces 
on the wooden plate, and adjusted so as to get the required sensitiveness by 
weakening the magnetic field, i.e., by bringing the circular coil partially out of 
the central iron core. It was further necessary that the whole arrangement of 
the suspension of the galvanometer should not be upset by the necessity of fixing 
the leads to the galvanometer, since it was impossible to ensure that greater 
vibrations of the leads outside the box would never take place. For this reason 
the galvanometer was not connected directly with the heavy leads ; these were 
fixed to the wooden box, then for each lead three or four pieces of very thin 
galvanometer suspension wire (each about 2 Inches in length) were soldered to 
two pieces of thick copper wire : one of them was fixed to the lead and the other 
to the terminal of the galvanometer. Thus the galvanometer became for the first 
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time quite freely suspended in the box, the fine suspension wires on the one hand 
allowing free movement to the galvanometer wherever and whenever it may be 
required, and, on the other hand, exerting no directing influence whatever on its mass. 
The small vibrations of the walls of the room were thus allowed to affect the 
copper wire at the ends, and were weakened almost to zero before they were 
transmitted to the middle part of the wire. These vibrations in the middle part 
of the wire were further weakened by the two rubber rings upon which the box 
with the galvanometer was suspended, and, lastly, the galvanometer itself was 
made independent both of the vibrations of the box and of the leads. In this way 
excellent results were obtained, the movements of the spot of light when the scale 
was removed from the galvanometer 1 or 1*2 metres not exceeding 0*1 millim. 
Having now, from the acetylene flame, a deflection of the spot of light of about 
10 to 15 centims. , each reading was brought (and with it the possibility of adjustment 
of the intensity of light to the right or left) to an accuracy of about 0*1 per cent., 
an accuracy far greater than that required for the research. 

Determination of the Value of the Observed Deflection of the Galvanometer or of the 

Intensity of Light in Standard Units. (Fig. 7.) 

With the arrangement described above, the deflection of the spot of light depends 
upon conditions w r hich may easily vary according to the circumstance and time. 
Assuming that the distance of the source of light from the thermopile is fixed, that 
the flame is in the correct position, that the distance of the scale from the mirror is 
fixed, still, if the india-rubber rings should become a little stretched in time, or 
any similar accident happen, the sensitiveness of the galvanometer would vary. It 
is, therefore, necessary that measurements of the intensity of light should be made 
independent of variations in the sensitiveness of the galvanometer. It is further 
desirable to be able to express at once the intensity of light in standard units 
independently of any given arrangements of the photometer, &c. For this reason, 
directly after the measurement of the light by means of the thermopile was made, 
a second measurement was made with a Clark cell and manganin resistances, as 
given in the above diagram, thus determining the value of the deflection, as caused 
by the light, in units given by the Clark and manganin resistances. 

The Remaining Parts of the Apparatus, &c. 

The Bath, (Fig. 5, p. 352.) 

The reaction vessel with the mixture of chlorine and hydrogen was immersed in 
a water-bath and there exposed to light. The bath contained quartz windows, and 
the reaction vessel was placed behind one of them, the manometer M (E in fig. 1) 
remaning outside the bath. The volume of the gas in the capillary tubes and in the 

3 A 2 
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capillary of the manometer was only a few tenths per cent, of the volume of the gas 
in the reaction vessel immersed in the bath, so that if the differences between the 
temperature of the room and that of the bath were very great a small correction 
was necessary. 

Two mercury thermometers were immersed in the bath, one divided into degrees 
centigrade which could be read to 0°*1, and the other a 0°*1 thermometer of 
Beckmann's type, with divisions about 3 millims. apart from one another, allowing the 
temperature of the bath to be read to C, 01. The thermometers were kept very near 
to the reaction vessel ; the temperature of the gaseous mixture in the reaction vessel 
with the quartz windows was indicated by the iron-nickel thermocouple inside the 
same. Later on the temperature was calculated, no thermocouple being employed, to 
ensure the gaseous mixture not being contaminated with any traces of other substances 
during the reaction. Near the capillary tube of the manometer was a thermometer, 
divided into degrees centigrade to indicate the temperature of the room. 

To keep the temperature of the bath constant at any desired temperature, the 
copper bath was large, containing about 70 litres of water. It was covered with 
very thick sheets of asbestos, placed in a wooden box with an air space between it 
and the sides of the box, which was placed in another wooden box with another air 
space between them, while the top of the bath was covered with a wooden lid. At 
the bottom a small circle was cut out of the wood and asbestos for a rose burner 
2 centims. distant from the exposed circle of the copper bottom. The temperature of 
the bath itself regulated the supply of gas to the burner. The liquid was thoroughly 
stirred at frequent intervals. Since with all these arrangements the temperature of 
the bath could not be kept sufficiently constant, owing to the heat absorbed from the 
powerful acetylene light, the temperature of the bath was adjusted to the desired 
degree by melting ice, especially when the temperatures required were below 25° or 
30°, and by thorough stirring. In this manner the variations of temperature of the 
bath were kept within as narrow limits as possible during the whole time of the 
experiment. Each time the readings of the manometer and of the temperature of the 
bath and of the reaction vessel had to be made, the bath was effectually stirred, 
readings being taken two minutes later. During this period of two minutes the 
temperature of the bath near the quartz vessel does not rise under the action of the 
light more than C, 01. Since for our purpose it is important to know the difference of 
the temperature of the gas mixture at two different times, so as to be able to apply the 
necessary correction, the above manner of making the readings each time two minutes 
after the bath was well stirred, eliminated the error in the determined differences of 
temperature almost completely. An investigation of the velocity with which the 
mercury of the manometer assumes its maximum when the glass bulb or quartz 
vessel is immersed in the bath showed that after two minutes the temperature of the 
gas in the bulb is much less than 0°*01 removed from the convergence temperature, 
the amount of our reading error. * This convergence temperature of the gaseous 
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mixture is higher than the temperature of the bath, but always remains constant for 
the same intensity of the same source of light falling upon the gaseous mixture, 
provided that the reaction goes on so slowly that the heating of the system by the 
heat of reaction can be neglected. We are also able from the temperature of the bath 
to calculate the temperature of the gas mixture. Having once determined the 
necessary elements for such a calculation (in a manner given by the author on several 
other occasions)^ from the velocity of cooling of the gaseous mixture by the, bath and 
from the velocity of heating of the gaseous mixture by the given source of light (at 
the beginning of the induction period), a thermocouple was not introduced into the 
thin glass bulb used instead of the quartz vessel, as it was better to make sure that 
during the reaction no vapour of any kind could enter into the gaseous mixture from 
the cement with which the thermocouple has to be fixed in the capillary of the vessel, 
or from the shellac and pitch with which the wires of the thermocouple have to be 
covered in order that they may be protected against the action of chlorine. Indeed, 
the best results, as far as experience goes, were obtained when none of these 
precautions were neglected. 

PART III. 
Experimental Results. (Tables I.-V.) 

In the following tables the experimental data are given :— 

No. is the number of the observation made. 

r is the time at which the observation was made. 

j ! ~T n is the time between two successive operations. 

it is the reading of the manometer E of the quartz vessel at the time t, read 
with the cathetometer (38 divisions of the cathetometer scale "= 1 millim. of 
the manometer scale). 

tt'-tt" is the rise of the manometer E during the time r n ~-f '. 
is the intensity of the acetylene light, i.e., the integral intensity of the light 
of all wave-lengths contained in the same, expressed in millimetre deflection 
of the galvanometer read on the scale at the time t, including the thermo- 
electromotive force of the Rubens thermopile in the dark; Th.E.M.F. gives 
the thermo-electromotive force of the Rubens thermopile in the dark, read 
on the scale at the time t. 

i'-th.e.m.f. gives the intensity of light at the time r f . A correction for the 
deviation of this value from the average intensity of the light during the 
whole time of the reaction can be applied to the velocity constant K, given 
in Tables (II., III., IV. and V.), putting K directly proportional to the 

* See "On Eeal and Apparent Freezing-Points/' by M. Wildekman, ' Phil. Mag.,' December, 1897, 

pp. 474, 475. 
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intensity of light. I omit, however, this correction, because the variations 
in the values of K, especially when taken, as in our case, at small intervals, 
are too considerable for the application of very small corrections to be of any 
essential use. 

Std. gives the sensitiveness of the galvanometer used for the measurement of 
the intensity of light, measured with standard units (manganin resistances 
and Clark), and expressed in millimetre deflection of the galvanometer on 
the same scale. From this the value of (i) is also known in standard units. 

t B is the actual temperature of the bath on 1° thermometer at the time r. 

t r is the temperature t R read on the 0°\1 Beckmann thermometer at the same 
timer. 

t-man. * m the temperature of the room near the manometer. 

Since the volume of the gas in the capillary tubes changes during the 
reaction, owing to the rise of the mercury in the same, its value is during 
the reaction from 0*2 per cent, to 0*5 per cent, of the volume of the eras in 
the quartz vessel or the bulb. 

A variation in the temperature of the room = 1° produced a change in the 

, . , . ., . n 0*2 per cent, . 0*5 per cent. - ,, 
height ol the manometer from t^vt to — of the total 

Alo Alo 

pressure of the gas. When the pressure of the gas = 760 millims., this 

0*2 x 760 
amounts to ----- — . - - - = 0'005 millim. to 0*012 millim. per 1° variation in 

Alo X i.UU 

the temperature of the room. So long as we investigate only small 
intervals of the curve, i.e., when the temperature of the room could not 
change by 1°, no correction need appear in the tables, and t ma7lt need not 
enter into the equation. When, however, the curve is investigated at 
greater time intervals, a correction for t mmu can be usefully applied. 

t f f-t ,f r is the difference in the temperature of the bath (and gas mixture) at the 
time T f and t", read to o, 01 on Beckmann s thermometer. 

t f r-t tf rcwr. is the correction in millimetre pressure, which is to be added to the 
observed Tr f -ir n for the variation of the temperature of the bath. This 
value, when the expansion of the glass bulb is simultaneously accounted 
for, equals 1*8 millim. for each 1° variation of temperature of the bath. The 
value of the correction was found from direct observations on the manometer, 
by bringing the bulb successively to higher temperatures. This correction 
is especially important when small parts of the curve are investigated, and 
becomes of smaller importance the greater tt-/ is, since the variations 
of t remain almost constant during the whole time of the experiment. 

h is the barometric pressure at the time r, read with the vernier ; the temperature 
of the mercury is given in brackets, 
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li-lx" is the variation of the barometer on passing from r to r", when the 
correction for the temperature of the mercury is also made. This correction 
must be added to the observed tt'-tt" \ it is for the same day, when the 
barometer changes very little, of little importance ; on the contrary, it 
becomes important for the ordinary changes of the barometer. 

ri'-ri'ewr. ls the true variation in the height of the manometer, if the atmospheric 
pressure and the temperature of the bath (or of the gas mixture) should 
have remained constant the whole time, i.e., after the corrections for the 
variations of the temperature of the bath and for the atmospheric pressure 
were made. Results were not reduced to normal atmospheric pressure, since 
this would not serve any purpose (see Table I.). 
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Table I. — CO and Cl 2 (in the glass bulb). 

The glass bulb was filled with the gases in the dark. The gases freshly prepared 
mercury and of the cone. S0 4 H 3 (sp.gr, 1*84)) on the manometer was 505*4 millims., 
temperature of the room 2 4°' 5. On leaving the glass bulb in the dark from Friday, 
temperature of the room to 22°*3. The manometer rose from 510 to 513*5, i.e., by 
of barometer and temperature of the room. Thus during three days no combination 
Barometer, 763*2 ( 21 °*7), temperature of room, 22° B 3, Manometer fell to 51*17, i.e., 
variation of temperature of the room and of the atmospheric pressure. The vessel 
over the bulb and the temperature of the bath brought the light of the manometer 
the centre of glass bulb =62*5 centims. 
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At the beginning, during the induction period, when no reaction is visible, no special 
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Experiment started 5th July, 1901. 

in the dark. The partial pressure of Cl s (from the variation of the height of the 
and of CO was 110 millims., when the barometer was 764*6 millims. (21°*7) and the 
12 a.m., till Monday, 11 A.M., the barometer changed to 766*85 (21°*4), the 
(513*5-510*0) 2 = 7 millims. instead of 7*2 millims., which corresponds to the variation 
whatever took place in the dark. From Monday it was left till Tuesday, 11 a.m. 
by (5 1*3 5-5 1*1 7) 2 = 3*6 millims. instead of 3*65 millims., corresponding to the 
was then placed in the dark of 20°*8. The pressure of the water column in the bath 
to 512*8. Distance of acetylene light from Rubens 5 thermopile =105 centims. ; from 
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761-95(20-8) 






7 


-0-86 


— 


-1-8 


-0-06 


Next day 








2nd curve. 




763-75(20-8) 






8 


1-8 x 0-03 = 00*5 




0-06 


2-41 


9 


0-09 




0-03 


2-52 




— 






10 


0*09 




0-03 


2-52 





care was taken to keep the temperature of the bath and the intensity of light constant. 
VOL. CXCIX. A. 3 B 
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Table I.— -CO and Cl 2 (in the glass bulb). 



No. 



Time of 
observation, 

T. 



2nd curve. 
11 

12 

13 

14 

15 

16 

-J H 

18 
19 
20 

22 
23 
24 






26 
27 
28 
29 
30 
31 
32 



11 
11 

11 
11 
12 

12 

12 

12 

12 

12 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

2 



// r 

r — r 

in 

minutes. 



121 



22 



Oj-J o 



42 

52 

2 

12 

32 

42 
51 



Z 2 



12 

22 



331 



42 

52 

2 

12 



jS-J o" 



00 p 



minutes. 

9*5 
10-5 
10 
10 
10 
10 
10 
10 
10 

9 

9-5 

9-5 
10 
11-5 

8-5 
10 
10 
10 

10*5 
11 

9 

9-5 



Indication 

of the 

manometer at 

the time r, 



7T. 



t it 

in 
millimetres. 



519*5 

520*6- 



361-5 
■360-4 
3 
3 
4 
4 
6 
5 
527-5-353-7 



521 


'8- 


-359* 


522 


8- 


-358- 


523 


•8- 


-357* 


524 


•7- 


-356* 


525 


•6- 


-355* 


526 


•8- 


-354* 



528 
529 
530 
530 

KOI 

532 
000 
533 
534 
534 
535 
536 
536 



3- 

2~ 

0- 

7- 

4- 

5 

0- 

6- 

1- 

8- 

5- 

0- 

6- 



352 
352 
351 
-350 
-350 
-349 
-348 
-347 
-347 
-346 
-346 
-345 
-344 



9 
1 
4 

7 


4 
8 
3 
6 

5 
9 



millims. 

2*2 
2*3 
2*0 
1*9 
1*9 
1-7 
2*3 
1*5 
1-6 
1*7 
1-5 
1-4 
1-4 
2*1 
1*1 
1 * 2 

1*0 
1*4 
1*3 
1*0 
1-2 
1*0 



The intensity 
of light in 
millimetre 

deflection of 

galvanometer, 
i 

( + th.e.m.f.). 



millims. 

204 
(th.e.m.f. = 2) 



203 
(th.e.m.f. = 2) 

204 
(tJu.e.m.i, — 2) 

203-5 
(th.e.m.f. = 2) 



A\}jU 



(th.e.m.f, = 2) 



204 

(th.e.m.f. = 2) 



202 

(th.e.m.f. = 3*5) 



202 
(th.e.m.f. = 3*5) 

202*2 
(th.e.m.f, = 3*5) 



th.e.m.f. 



millims. 
202 



201 
201-5 



200 



201*5 



198*5 



198-5 
198-5 



Sensitiveness 
of galvano- 
meter 
measured 

with 

standard 

units in 

millimetre 

deflection, 

ski. 

(right & left). 



millims. 
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Experiment started 5th Juty, 1901 — (continued). 



The 
tempera- 
ture of 
bath on 1 
thermo- 
meter, 



21-7 



The read 
tempera- 
ture of 
bath on 
the T y 
Beck- 
mann 
ther- 
mometer, 



Variation 

of the 

temperature 

of the bath 

and of the 

gas mixture, 

/' -/" 

v If v f>t 



4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 



•53 
•47 
•52 
•56 
•53 
•59 
•58 
•32 
•36 
•43 
•28 
•37 
•42 
•48 
•26 
•34 
•40 
•48 
•33 
•38 
•47 



Calculated 
correction for 

<f V if 

in millimetres, 
which is to 

be added to 

/ // 

7T — 7T . 



o 


miHims. 


0-06 


-0-11 


0-05 


0-09 


0-04 


0-07 


0-03 


-0-05 


0-06 


.0-11 


0-01 


-0-02 


0-26 


-0-47 


0-04 


0-07 


0-07 


0-13 


0-15 


-0-27 


0-09 


0-16 


0-05 


0-09 


0-06 


0-11 


0-22 


-0-40 


0-08 


0-14 


0-06 


0-11 


0-08 


0-14 


0-15 


-0-27 


0-05 


0-09 


0-09 


l'8x0-09 = 0-16 


0-14 


-0-25 


0-05 


0*09 



Height of 
barometer, 

h 
at the time 

T 

(and tempera- 
ture). 



miHims. 



763-3 (21-8) 



3 B Z 





/ // 

7r " corr. y 




Calculated 


the variation 




variation 


of the 




of the 


manometer 




barometer 


when 




in milli- 


corrections for 


No. 


metres, 


temperature 


K - W 


of the bath 




(corrected 


and for 




for tem- 


atmospheric 




perature). 


pressure 






were made. 




milliras. 


millims. 


2nd curve. 
11 


0-03 


2-12 


12 


0-03 


2-42 


13 


0-03 


2-10 


14 


• 03 


1-88 


15 


0-03 


2 -04 


16 


0-03 


1-71 


17 


0-03 


1-86 


18 


0-03 


1-60 


19 


0-03 


1-76 


20 


0-03 


1-46 


21 


0-03 


1-69 


22 


0-03 


1-52 


23 


o-oi 


1-52 


24 


0-01 


1-71 


25 


0*01 


1-26 


26 


0-01 


1-32 


27 


0-01 


1-15 


28 


o-oi 


1-14 


29 


0-01 


1-40 


30 


0-01 


1-17 


31 


0-01 


0-96 


dli 


0-01 


1*10 
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Table I,— -CO and Cl 2 (in the glass bulb). 



! 

i 


i 

! 




Indication 




The intensity 
of light in 


; 


Sensitiveness 
of galvano- 
meter 

measured 


i 
i 
i 


Time of 


t —r 


of the 


7T — 7T 


millimetre 


I 


with 


No. \ 


observation, 


in 


manometer at 


in 


deflection of 


% j 

-th.e.m.f. 


standard 


j 


T. 1 


minutes. 


the time t, 


millimetres. 


galvanometer, 


units in 




' 1 




71". 




% 
( + th.e.m.f.). 


! 


millimetre 
deflection 

del. 
















(right & left). 


2nd curve. 


li. m. 


minutes. 




millims. 


millims. 


millims. 


millims. 


33 


2 52 


11 


537 -1-344 -4 j 

t 


l'l 


— 


■ — 


_ — 


34 


3 3 


10*5 | 


537-7-343-9 | 

i 


1-2 


— — 




— 


35 


3 1 3 \ 


11 


538-3-343-3 | 


1-0 


202 
(th.e.m.f. = 3*5) 


198-5 


— — 


36 


3 241 

c 


12 


538-8-342-8 j 

i 


1-3 


— 


— — 


— 


37 


3 36| 


13-5 


539-5-342-2 


1-1 


202 
(th.e.m.f. = 3- 5) 


198-5 


— 


38 


3 50 


16-5 


540-0-341-6 


1-6 


201 
(th.e.m.f. = 3*5) 


197-5 


- — • 


39 


4 6i 


13-5 


540-8-340-8 


1-2 


202 
(th.e.m.f. = 3'5) 


198-5 


— 


40 


4 20 


15-5 


541-4-340-2 


1-1 


204 
(th.e.m.f. = 5) 


199 


— 


41 


4 35i 


I 17-0 


542-0-339-7 


1-4 


_ — , 


, — __ 


— 


42 


4 52J 


! 15 


542-7-339-0 

1 


1-0 


202 
(th.e.m.f. = 3*5) 


198-5 




43 


5 n 


1 13 


| 543-3-338-6 


1-4 


203 
(th.e.m.f. =-3-5) 


199-5 


267 


44 
3rd curve. 


5 20| 


11 


544-0-337-9 


0-5 


— - — - — - 




— — — 






45 


5 31| 


! 15 


544-2-337-6 







— . 


— 


46 


5 461 


j 

! io 


544-2-337-6 





— ■ 


I — _ 


— 


47 
Next day 
4th curve 


5 561 

1 


i 

! 

; 

j 
< 

i 


544-2-337-6 


1-8 


— 


— - 


267 


— _. 


> i 








48 


10 56 


i 

10 


545-0-366-6 





202 
(th.e.m.f, = 2) 


200 


265 


49 


11 6 

i 
i 
i 


10 


545-0-336-6 


0-4 


-— 


. — _. 


— — 


50 


\ 11 16 


10 


545-2-336-4 

i 

i 
1 


0-6 


201 
(th.e.m.f. = 1*5) 


199-5 
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Experiment started 5th July, 1901 (continued). 





The read 








Calculated 


tr — T? cow., 
the variation 




The 
tempera- 
ture of 
bath on 1° 
thermo- 
meter, 


tempera- 
ture of 
bath on 
the T y 
Beck- 
mann 
ther- 
mometer, 


Variation 

of the 

temperature 

of the bath 

and of the 

gas mixture, 

/' - /" 


Calculated 
correction for 

in millimetres, 
which is to 

be added to 

/ // 

TT — 7T . 


Height of 
barometer, 

h 
at the time 

T 

(and tempera- 
ture). 


variation 
of the 
barometer 
in milli- 
metres, 
h' - h" 
(corrected 
for tem- 


of the 

manometer 

when 

corrections for 

temperature 

of the bath 

and for 
atmospheric 


No. 




vy* 








perature). 


pressure 
were made. 




o 


\ 
\ 

o 


o 


millims. 


millims. o 


millims. 


millims. 


2nd curve. 





4-38 






_ — 






33 






0-09 


0-16 




o-oi 


1-27 






4-47 












34 






-0-10 


-0-18 




o-oi 


1-03 






4-37 












35 






0-09 


0-16 




o-oi 


1-17 






4-46 






— 






36 






-0-11 


-0-20 




0-02 


1-21 






4-35 






— 






37 






0-11 


0*20 




0-02 


1-32 




_ 


4-46 






— - 






38 






-0-09 


-0-16 




0-02 


1-46 






4-37 






— 






39 






-0-03 


-0-05 




0-02 


1-17 






4-34 






— 






40 






0-12 


0-22 




0-02 


1-34 






4*46 












41 






-0-05 


-0-09 




0-02 


1-33 






4-41 












42 






0-12 


0-22 




0-02 


1-24 






4-53 












43 






-0-16 


-0-29 




0-02 


1-13 







4-37 


0-02 


0-04 





o-oi 


0-55 


44 




3rd curve. 





4-39 












45 






0-07 


0-13 




0-02 


0-15 







4-46 






— 






46 






0-07 


0-13 




o-oi 


0-14 






4-53 


-0-21 


-0-38 


762-85(21-4) 




-0-28 


47 





-1-7 


Next day 




4 th curve. 




4-32 


o-oi 


0-02 


764-55(21-4) 


0-06 


0-08 


48 





4-33 


i 
: 

i 
i 










49 






0-03 


0-05 




0-06 


0-51 







4-36 












50 






0-06 


0-11 

i 




0-06 


0-77 
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Table L— CO and Cl 3 (in the glass bulb). 









■ 


Indication 




The intensity 
of light in 




Sensitiveness 
of galvano- 
meter 
measured 






Time of 


T —T 


of the 


7T — TV 


millimetre 


B 


with 




No. 


observation, 


in 


manometer at 


in 


deflection of 


- th.e.m.f. 


standard 






7 


u 


minutes. 


the time r, 


millimetres. 


galvanometer, 


units in 












7T. 




i 
( + th,e.mf.). 




millimetre 

deflection 

ski. 

(right & left). 




4th curve. 


h. 


m. 


minutes. 




millims. 


millims. 


millims. 


millims. 




51 


11 


26 


13 


545- 5-336-1 


1-0 


- — 




— . 




52 


11 


39 


21 


546-0-335-6 


2-3 


203 
(th.e.m.f, = 3) 


200 






53 


12 





18*5 


547-2-334-5 


1-3 










54 


12 


18 J- 


16 


547-9-333-9 


1-2 


202 
(th.e.m.f. = 2) 


200 






55 


1 «> 


34-2 


15*5 


548-5-333-3 


1-0 


203-5 
(th.e.m.f. = 2) 


201-5 






56 


12 


50 


15 


549-0-332-8 


l'O 


201-5 
(th.e.m.f. = 2) 


199-5 


, — , 




57 


1 


5 


15 


549-5-332-3 


1-0 


— — • 


— . 


— — 




58 


1 


20 


20 


550-0-331-8 


1-2 


203 • 5 

(th.e.m.f. ~3) 


200*5 


_ — 




59 


1 


40 


20 


550-6-331-2 


1-4 


202-0 

(th.e.m.f. = 3*5) 


198-5 


— — 




60 


2 





21-5 


551-3-330-5 


1-1 


203-5 
(th.e.m.f. = 3) 


200-5 






61 


2 


21 2 - 


21-0 


551-9-330-0 


1-2 


204 
(th.e.m.f, = 3) 


201 


— 




62 


2 


421 


23-5 


552-5-329-4 


0-9 




— 


— 




63 


3 


6 




553-0-329-0 




202 


199 












44 


-- --.--- - 




(th.e.m.f. = 3) 












2-1 


— 


— 




5th curve. 


















64 


3 


55 


22 


554-0-327-9 


0*8 


199-0 


199 


— , 




65 


4 


17 


23 


554-4-327-5 


1-0 


202 
(tn.e.m.l. = 2) 


200 


__ 




66 


4 


40 


20 


554-9-327-0 


0-6 




— — 


— 




67 


5 





JiO 


552-2-326-7 


1-2 


203 
(th e. mi. = 2*5) 


200-5 


— 




68 


5 


23 


22 


555-8-326-1 


0-8 


202 * 5 
(th e.m.f. = 2-5) 


200 


— — 




69 


5 


45 




556-2-325-7 




202-5 


200 


265 
















(th.e.m.f. = 2 *5) 




! 
i 
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Experiment started 5th July, 1901 (continued). 



! 




The read 








Calculated 


t n 

TT -~ TT corr., 

the variation 






The 
tempera- 
ture of 
bath on 1° 
thermo- 
meter, 


tempera- 
ture of 
bath on 
the T V 
Beck- 
mann 
ther- 
mometer, 


Variation 

of the 

temperature 

of the bath 

and of the 
gas mixture, 


Calculated 
correction for 

in millimetres, 
which is to 

be added to 

/ // 

7T — 7T . 


Height of 
barometer, 

h ^ 
at the time 

(and tempera- 
ture). 


variation 

of the 
barometer 
in milli- 
metres, 
N - h" 
(corrected 
for tem- 


of the 

manometer 

when 

corrections for 

temperature 

of the bath 

and for 
atmospheric 


No. 






Tjf, 








perature). 


pressure 
were made. 






o 


o 





millims. 


millims. o 


millims. 


millims. 


i 
i 

4th curve. 




, 


4-48 
4-22 
4-35 
4-35 


0*06 
-0*26 
0*13 

0*05 


0*11 
-0*47 
0*23 

0*09 




0*08 
0*12 
0*11 
0*09 
0*09 


1*19 
1*95 
1*64 

X * J!i%r 

1*18 


51 
52 
53 
54 
55 




21*7 


4*40 






— 






56 








0*06 


0*11 




0*09 


1*20 








4-46 


-0*10 


-0*18 


763*9 (22*4) 


0*04 


0*86 


57 






4-36 


0*11 


0*20 


• — - 


0*06 


1*46 


58 




. — 


4-47 


-0*10 


-0*18 


- — . 


0*06 


1*28 


59 




— 


4-37 


0*06 


0*11 


— — 


0*06 


1*27 


60 






4-43 


-0*07 


-0*13 


- — 


0*06 


1*13 


61 




— 


4-36 


0*20 


0*36 


- — 


0*06 


1*32 


62 






4-56 






— 






63 




- — 


— 


-0*06 


-0*11 


0*13 


2*12 


















5 th curve. 




— 


4-50 


0*13 


0*23 


— „ 


0*06 


1*09 


64 




— 


4*37 
4-37 

4: * DO 

4-42 




0*18 

-0*13 

0*03 




0*33 

-0*23 

0*05 


763*1(22*12) 


0*06 
0*06 
0*06 
0*06 


1*06 
0*99 
1*03 
0*91 


65 
66 
67 
68 






4*45 












69 
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If we now draw curves, taking the times r& as abscissae and the corresponding 



7T — nr" 



amount of carbonyl chloride formed (/.c, the ws) as ordinates, then the 's or 

T 3 ~~ T l 

's give the rate of formation of carbonyl chloride, or the rate of combination of 

chlorine and carbon monoxide. The curves appear to be remarkably regular, especially 
those obtained with the glass bulb. The total number of direct observations is in 
Table I. about 70. To trace the nature of the curve through its whole length 
observations were made at small intervals, thus dispensing with interpolating results. 
Errors arising from the variations of the temperature of the bath, from the variations 
of the barometric pressure, &c., can never be completely eliminated by the application 
of corrections. For this reason they are greater in the results obtained for small 
intervals than when greater ones are taken. By this method the phenomenon is 
nevertheless more thoroughly known and its nature more evident, since such an 
investigation of the curve does not permit of phenomena characteristic of only one part 
of the curve obscuring the true nature of other parts of the curve. As will be seen 
from the tables given below this course proved to be necessary in our case, since at 
the beginning of the curves we always met with a peculiar phenomenon, called 
" induction" not characteristic of the rest of the curve. 



d, 



When the *s or — 's are successively taken on the curve and compared with 

To ■— T x ClT J L 

one another, we find that they start with very small values approaching zero (the 
curve starts asymptotically to the abscissa), and gradually increase till they reach 
a maximum, after which they gradually decrease. If we consider curves (l), (2), (3), 
(4) and (5) of Table I. as parts of the same curve, belonging all to one system, we find 

dir 

that the — J s gradually diminish, approaching the value of zero, i.e., when no more 

CLT 

reaction takes place. This takes place when one of the combining substances com- 
pletely disappears from the gas mixture. 

An investigation of the curves, after the — ? s arrived almost at their maximum, 

& ch 

shows with absolute certainty that the equation 

log, (A — x Y ) ~~ log, (A — x%) + log, (B — x> 2 ) — log, (B — a^)] : (r a — r } ) == C (l) 

(a constant) holds good, where A and B are the quantities or volumes or partial 

pressures of chlorine and carbon monoxide before the reaction was first started, 

expressed in millimetre pressure of the manometer. A — x ly A — x 2 , B — x l9 B — x^ 

are the quantities of chlorine and of carbon monoxide present in the system at the 

times t x and r % (see Table II. below). 

It is thus evident that our integral equation must be 

X 
^Tb P°S< ( A "~ ^i) "" lo ^ ( A "" x *> + lo g* ( B - 3%) - lo g* ( B - X l)l ' ( T 2 - r^ = K (2). 
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The differential equation giving the law of velocity of reaction is thus 

dx 



cl 



T 



= K (A — x) (B — x) (3), 



i.e., the velocity of combination of chlorine and carbon monoxide in light, or the 
velocity of the formation of carbonyl chloride, is at the time r directly proportional to 
the product of the reacting masses at the time r. Since the chemical equation for 
the reaction is Cl 3 + CO = COCl 2 , this equation in light has the form which it ought 
to have according to the law of mass action in homogeneous systems, if the chemical 
reaction were to go on in the dark as the outcome of those intrinsic properties of 
matter only, which we call chemical affinity or chemical potential. In the above 
equations K is the velocity constant, which gives the velocity of combination of chlorine 
and carbon monoxide under given conditions of experiment, when A -— x for chlorine 
is 1 and B — x for carbon monoxide is 1. K in the above equations is evidently also 
an integral velocity constant for all wave lengths of the acetylene light, the value of 
(K) being different for each wave length. Since, however, each wave length has an 

equation of the same form — = (K) (A — - x) (B — x), the equation for light consisting 

of more than one wave length remains the same ; K or (K) is besides a function of the 
intensity of light, of the temperature, and of the surrounding medium. 

In the following tables (II., III., IV. and V.) : 

No. is the number of the observation. 

tt' — it" = dx is the amount of carbonyl chloride formed, or of chlorine or of carbon 



monoxide which has disappeared during the times 



T 2 T r 



A — - x is the quantity of chlorine present in the system at the time r. 

B — x is the quantity of carbon monoxide present in the system at the time r. 

r 2 — - T]_ is the time between two successive observations. 

Equation (2) should be true if the law of mass action holds good. 

(LOG 

— gives the rate of formation of carbonyl chloride at the successive times ; this 

ought to be constant, if the rate of formation of carbonyl chloride in a unit 
of time were independent of the reacting masses and were directly proportional 
to the intensity of the light introduced only. 

~ : ( A — x) gives the rate of formation of carbonyl chloride at the time r, divided 

by the quantity of chlorine present in the system at the time r. This ought 
to be constant if the rate of formation of carbonyl chloride at a given intensity 
of light were directly proportional to the amount of light absorbed by the 
system (i.e., by chlorine) in the unit of time during the reaction. 
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In the above tables curves (1), (2), (3), (4), and (5), all belong to one system 

aT; /j JL / . 

The values of K In the above tables, calculated from equation (1), show, that as 
the system is brought from the dark to the light the reaction at first does not appear 
to be going on, then it goes on very slowly giving very small values for K, gradually 
the values for K, and with it the speed of reaction, increase until the values obtained 
for K remain constant, the speed diminishing at the same time according to the law 
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of mass action. If after the values of K remain constant for a sufficient time, the 
light is removed for some hours, and the system again exposed to the light, we again 
find the same phenomenon ; the velocity constant K is not obtained at once but only 
after the reaction has gone on for some time. Further, it is found that in every 
case the same velocity constant is obtained after a time. It follows from this that 
the combining chlorine and carbon monoxide when exposed to light of a certain 
intensity and composition, always acquire after a certain time the same constant 
properties, the same chemical affinity to one another. The fact that the same 
constant was found in all curves of the same system, and that the investigation was 
carried on as far as 80*66 per cent, (in Tables I. and II.) and 39*16 per cent, (in 
Table III.) of the total amount of possible combination, shows that the above 
equation (3), p. 377, which is a true expression of the law of mass action, truly 
represents the fundamental law underlying chemical kinetics in light. At the same 
time the last two columns of the above tables illustrate beyond any doubt that it is 
no longer possible to assume that a law analogous to Faraday's for electrolysis 
governs the phenomena of chemical kinetics in light. 

Instead of getting a constant in the last columns, the values of dx/dr- 100 fall 
from 25*2 to 4*1 (in Table II.), and from 40 to 18*6 (in Table III.), and the values of 

clx ('A. (jc) 

— : — z~-, — (in Table II.) fall from 50*9 to 9*9, and (in Table III.) from 205 

to 136. Special attention should be given to the curves (1), (2), (3), (4), and (5), 
of Table II. Here a large quantity of chlorine and a small quantity of carbon 
monoxide were employed ; in this way the variations in the quantity of carbon 
monoxide were increased, and in that of chlorine made small, i.e., it is the variation 
in the quantity of the carbon monoxide which absorbs but little light, and not in the 
quantity of the chlorine, which absorbs much, which in this case proves to be the 
main cause of the velocity of reaction decreasing so rapidly. It is thus evident that 
it is not the quantity of light absorbed by the molecules in the unit of time, but the 
quantity of the reacting substances present, which determines the velocity of the 
reaction, no matter what quantity of light the molecules absorb, provided that under 
the action of light the atoms and molecules acquire that quantity of energy which is 
characteristic of them after the period of " induction " has passed. In other words a 
system containing two molecules chlorine and one molecule carbon monoxide will 
combine at the same rate as a system containing one molecule chlorine and two 
molecules carbon monoxide, though the first system absorbs almost twice as much 
light as the second. 

The "Induction" and "Deduction" Periods of Energy of the System and the 
Chemical Periods of " Induction " and cc Deduction " in Light. 

Having considered those parts of the curves where the velocity constant can be 
traced, we now consider the parts before the velocity constant is reached. We find 
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that, starting with a system such as chlorine and carbon monoxide, at first it seems 
for some time that no combination takes place at all. Combination, however, becomes 
gradually more and more apparent, the velocity becomes greater and greater, till a 
constant value for K is obtained. This is a peculiar phenomenon, which Bitnsen 
and Roscoe first observed in the case of chlorine and hydrogen, and which they 
appropriately called the " induction period." If now, after the velocity constant has 
been observed for some time, the light is removed from the system, the reaction at 
once becomes very slow and soon stops. If the system is, after a time, again exposed 
to light, we find at first an " induction period," after which the same velocity 
constant is obtained. This shows that as the light is removed from the system the 
reacting molecules lose the properties which they had acquired in the light, gradually 
returning to their old state ; and that when the system is again exposed to the light 
the molecules and atoms each time gradually acquire the same new properties. 
Besides the " induction period" we thus. have to deal also with a " deduction period." 
The " induction period" is evidently not due to the absence of some product of the 
reaction, but is a period during which the molecules and atoms of the systems 
continuously change their state of energy from that in the dark to that in the light ; 
and the " deduction period" is a period during which the molecules and atoms 
gradually return from their state of energy in the light to the state of energy they 
possess in the dark. The properties of the "induction" and "deduction" periods 
require, however, still further consideration. On removing the light from the system, 
that state of energy of the atoms and molecules which makes them capable of 
entering into reaction rapidly passes away, with the energy stored in the molecules 
and atoms under the action of light, and is transformed partly into heat and partly 
in chemical action as long as this goes on after the removal of the light. 

The curves given above show, however, that while chemical action ceases, or 
apparently ceases, after a short time, it takes a considerable time before the atoms 
and molecules again completely acquire the properties which they previously had 
in the dark. Thus, between the first curve and the second (between 7 and 8) the 
light was removed for 16 hours and 48 minutes, between the third and fourth 
(between 47 and 48) for 17 hours, between the fourth and fifth (63 and 64) the light 
was interrupted only for 5 minutes, and the rest of the time (39 minutes) it was 
again exposed to the light. We nevertheless find that, after 17 hours, the "induction 
period " of the second curve did not again become as slow as it was in the first 
curve; after the third interruption of the light, for about the same 17 hours, the 
"induction period" was almost quite the same — starting with almost the same 
values of K ; again, during the fourth interruption of the light for only a few 
minutes, the chlorine and carbon monoxide of the system returned only so little 
to the properties which they had at first in the dark that no marked variation 
in the value of the velocity constant K could be established. Thus we find a 
remarkable analogy (though not a reversible identity) between the period of " deduc- 
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tion " and " induction/' On exposing the system for the first time to light, the 
energy of the light is absorbed by the system for a considerable time before the 
atoms and molecules acquire the state of energy when the reaction becomes apparent, 
i.e., the energy of the system first continuously increases and changes though no 
chemical effect can be perceived in the system, When the chemical reaction 
becomes evident the chemical "induction period" then continues till the new constant 
state of energy characterised by K is reached. On removing the light, the chemical 
" deduction period'' continues only a short time, when the reaction ceases to take 
place, but it takes a long time for the atoms and molecules to lose those properties 
which they acquired in the light before chemical reaction started, and this gradual 
diminution of the energy of the system is again not to be discovered from the 
chemical reactions of the systems. The chemical " deduction period," however, lasts 
much less time than the chemical " induction period." It is evident that the curves 
of the "induction" and " deduction periods" given above only represent the amount 
of chemical transformation, i.e., are curves of chemical " induction" and "deduction," 
and are not the curves which represent the gradual increase and decrease, the 
" induction " and " deduction" periods, of the whole energy of the system, when it is 
exposed to light or when light is removed from the same. There are other methods 
by which the variation of energy during the "induction" and "deduction" periods 
may be determined. The author is now engaged in the elucidation of the laws 
concerning the induction and deduction periods of energy which up to the present 
have only the character of qualitative observations. # 



u 



The Influence of Small Traces of Air and Water upon the Mixture of Pure 
Chlorine and Carbon Monoxide (and other Gaseous Systems). 

The admixture of small traces of air with the reacting gases produces a most 
remarkable retarding effect upon the velocity of the reaction. Bunsen and Roscoe 
found that this held for a mixture of chlorine and hydrogen, so that it appears to 
be a general rule for all gaseous systems. 

Two " quartz vessels " were placed one behind the other, both vessels were 
evacuated and treated in exactly the same way, and finally filled with carbon 
monoxide from the same sample at the same time. Chlorine from the same sample 
was driven by means of the same concentrated sulphuric acid (which, for reasons 
mentioned before, it was impossible to keep for any length of time quite free from 

* As to the chemical induction and deduction periods it is evident that, since velocity of reaction 
follows the law of action of mass, when the molecules taking part in the reaction have attained, under 
the influence of light, a constant value of their chemical potentials, the same law of mass action must also 
be the governing principle for the velocity of reaction at any given moment of the chemical induction and 
deduction periods, only the velocity constant, K in equation (3), will vary in time as the chemical 
potentials of the reacting substances change. 
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air) first into the vessel behind, and then, about a quarter of an hour later, into the 
vessel in front. Both vessels were simultaneously exposed in the bath to the same 
acetylene light, but the velocity of combination of chlorine and carbon monoxide was 
considerably slower in the front vessel than in the vessel placed behind it. (The 
opposite would have been expected.) (See Curves 1 and 2 of Tables III. and IV.) 

The accelerating influence of water vapour upon the velocity of reaction is very 
great. The same glass bulb was filled with the chlorine and carbon monoxide, both 
freshly prepared in the dark. The chlorine was in both cases absolutely the same, 
{.e., equally dry; the freshly prepared carbon monoxide on the contrary was allowed 
to bubble in the two experiments through different heights of sulphuric acid in the 
bulb S (fig. 1, p. 340) by tilting the bulb more in the second experiment than in the 
first. The sulphuric acid was the same in both cases, and each time was first heated 
in the bulb in a vacuum till it was perfectly freed from any gas. The freshly-prepared 
carbon monoxide was thus most probably in one case a little drier than in the other, 
and the difference in the quantity of water still retained by the carbon monoxide 
evidently could only be exceedingly very small. The difference in the speed ol 
combination of carbon monoxide and chlorine on the contrary proved to be very great. 
(See curves of Table V.) 

A further experiment was thus made :— The gases were brought into the glass 
bulb containing ordinary concentrated sulphuric acid freed from air, well shaken, then 
left in the dark for about two days, and then exposed to the powerful acetylene 
light ; no reaction could be observed after several hours during two days, but 
on exposure to sunlight the two gases combined, though only exceedingly slowly. 
Since the concentrated sulphuric acid was of sp. gr. 1/84, it contained water, and it 
must still have had (Regnault) a vapour pressure of water, though an extra- 
ordinarily small one, so that the pressure of water vapour was still not absolutely 
excluded, and this may be the cause why an exceedingly slow reaction could still take 
place in sunlight. 

Thus, the less water vapour is present with the gases the slower is the reaction. 
Reaction takes place in the presence of an exceedingly small quantity of water vapour 
in the mixture ; small, apparently immeasureable, differences in the amount of water 
vapour, at any rate when the vapour is present only in small quantities, produces 
great differences in the velocity of the reaction. 

It should be observed that we could not use greater quantities of water vapour for 
the experiments, still less could we have the gases in presence of water, because water 
decomposes the carbonyl chloride formed, giving carbonic and hydrochloric acids. 

Bunsen and Roscoe used their mixture of chlorine and hydrogen in the presence 
of water saturated with these gases. Pkingsheim found later on that, if chlorine 
and hydrogen are taken quite dry, they do not combine in light at all. This 
phenomenon Pmngsheim thought possible to explain in the following manner : — 
The chlorine and hydrogen, according to his conception, do not combine directly to 
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hydrochloric acid, but chlorine and water first form an intermediate compound 
hypochlorous acid (and hydrogen), which with hydrogen forms the hydrochloric acid, 
setting free the same molecules of water which are again used in the reaction, i.e., 
instead of having H 2 + CL 3 = 2HCL, we have Cl 2 + H 2 = C1 2 + H 3 ; C1 2 + H 4 
= 2HC1 + H 2 0. I doubt the correctness of this explanation for the following 
reason : — It is known that chlorine and water, when exposed to light, form not 
hypochlorous acid but hydrochloric acid (Wittwer, Bunsen, and Koscoe). # Still 
the difficulty remains that chlorine and hydrogen are not the only system having 
such properties. The system chlorine and carbon monoxide exhibits the same 
property. We also know that ammonia and hydrochloric acid do not combine 
when perfectly dry ; carbon monoxide and hydrogen do not explode when perfectly 
dry (Dixon) ; perfectly dry hydrogen peroxide does not act upon a photographic 
plate (Russell). For this reason it seems that in gaseous systems a phenomenon is 
met which in other cases is called " catalytic action," in which a reaction is accelerated 
or caused by the presence of an extraneous substance, which apparently or in reality 
takes no part in the reaction, e.g., the action of platinum-black upon the decompo- 
sition of hydrogen peroxide, &c. 

The catalytic action of gases upon the velocity of reaction in the gaseous systems 
may be divided into "catalytic action with an accelerating influence" (to this belongs 
the action of water vapour upon the gaseous systems mentioned above) and into 
" catalytic action with a retarding influence" (to this belongs the action of oxygen or 
air upon the systems chlorine and hydrogen or chlorine and carbon monoxide). This 
division is, however, of a purely formal nature, and hardly anything is known of the 
ultimate nature of the phenomenon. 

Velocity of Chemical Reaction and Chemical Equilibrium in Light, 

Having thus established beyond any doubt that the velocity of reaction in light is 
governed in homogeneous systems by the same law of mass action as in the dark, the 
influence of temperature as well as of the intensity of light upon the value of the 
velocity constant, as well as the connexion between the velocity constant and the 
wave length on the monochromatic light, have still to be investigated ; and finally 
the investigation of heterogeneous systems regulated by other fundamental principles 
remains necessary. This will form the subject of the author's future investigation. 

On the other hand the solution of the problem for chemical kinetics in light 
evidently already shows with perfect certainty that the law of mass action, which 
governs chemical equilibrium in homogeneous systems in the dark must necessarily 
also govern chemical equilibrium in the light. It is most remarkable that we do not 

* Professor Dixon, in a private communication, makes a better suggestion—that the reaction between 
hydrogen and chlorine is to be conceived thus : — Cl 2 + H 2 = 2HC1 + (nascent) ; -j- PI 2 = H 2 0, 
the first equation being reversible, 

YOL, CXOIX.— A. 3 E 
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know of any reversible system, in which the two opposite reactions do not go on in 
the dark but go on in the light. But we do know systems in which one reaction 
goes on in the dark and is modified in light, while the opposite reaction goes on in 
the light only, e.g., 

2AgCl in solution < ; Ag 2 (or Ag 2 01) in sol + Cl 3 in sol, 

t ! t 

»l 4 1 

AgCl solid Ag (or Ag 3 Cl) solid. 

Here is an homogeneous system, on the one hand silver chloride is decomposed by 
light into silver and chlorine or silver sub-chloride and chlorine (this question is at 
present unsettled), on the other hand silver (or silver sub-chloride) and chlorine 
combine in the dark forming silver chloride, and this combination evidently goes on 
in light also (though probably with a different speed). Let the volume of the solution 
be V. For the first reaction in light we have according to the law found above 

—- = c — — — , where is the concentration of the molecules of silver chloride in 

di v" v 

solution (however small this may be) at the time r, and x/v is the concentration of 
the chlorine as well as of the silver molecules formed in solution ; c is the velocity 
constant which changes with the intensity and composition of the light passing 
through the system. For the second reaction we have according to the law of mass 

action in the dark ( ~- J = c I - ') , where c is the velocity constant for the reaction in 

which silver chloride is formed from silver and chlorine. The velocity constant in 
light is different from that in the dark, say c /; , however small this difference may be, 
for the reason that chlorine and silver are in a different state of energy in the dark 
and in the light. It follows from this that when equilibrium takes place in the light, 
or when no further variation in the masses takes place, 

clx fdx\ f „ c(k~~xf . „[x\% ^ (k-xf c" 

T — ----- = ; -^— 9 — - — c" ■■ = ; v — — '- = - = K ; 

dr \dr/ v z \v j xs c 

that is, we must at the point of equilibrium get a constant K, which will regulate the 
masses forming the reversible system with the variation of the volume or of the 
concentrations or of the partial pressures of the substances, because both opposite 
reactions have each a separate velocity constant before equilibrium. Though this 
proof of the necessity of the existence of a constant of equilibrium is absolute, it 
would have been very valuable and desirable to directly illustrate the equilibrium 
constant K in a reversible system from the varying masses at equilibrium, as we 
succeeded in doing for the velocity of reaction. Unfortunately there is not one 
homogeneous system known where such a proof could be successfully carried out. It 
is well to remember the enormous difficulties one meets with in this region, when even 
such apparently simple reactions as the combination of carbon monoxide and chlorine 
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or of chlorine and hydrogen, are to be measured quantitatively. The author is at 
present engaged in such attempts to test directly the constants of equilibrium, not so 
much because the law needs further confirmation, as on account of the very interesting 
thermodynamic connection which must exist between the constant of equilibrium, the 
heat of reaction in light, and the absolute temperature on the one hand, and the 
constant of equilibrium and the intensity of light on the other. 

Appendix : Thermodynamical Considerations. 

The above experimental results find their rational basis and explanation in thermo- 
dynamics. The condition of equilibrium in a homogeneous system, when only 
chemical, thermal, and mechanical energy are taken into consideration, is according 
to Gibbs : dE = tdrj — pdv + [i 1 dm i + /x 2 c/?% . . . + ii n dm n ^ 0, where E is the 
energy, rj the entropy, m 1? m. z . . . m H the quantities of the substances S i5 S 3 . . ., /x 1? [jl 2 
the chemical potentials of S 1? S 3 . . . Let us now assume that the system is exposed 
to light of constant intensity and composition, and that the system is in such thin 
layer that the intensity of the light is the same in all parts of it. Since all 
substances absorb light and the light absorbed is not completely transformed into 
heat, a part of the light will appear as other forms of kinetic energy of the atoms 
and molecules. From a molecular mechanical point of view this will mean that 
under the influence of light the amount of work present in the molecules as energy 
of the atoms increases. Obviously the ratio of the amount of light transformed into 
heat to that transformed into kinetic energy of the atoms is not constant. At first 
the energy of the atoms and molecules gradually increases (induction period of 
energy), until a reaction, a shifting of the point of equilibrium to another one, becomes 
possible (chemical induction period), which is observed by an increase of the velocity 
constant. Under the action of light the storage of energy in the atoms and molecules 
ultimately reaches a maximum, after which light produces no more strain upon the 
atoms, preventing them, only from losing the energy once acquired, and the whole of 
the light entering into the system is transformed into heat. This maximum kinetic 
energy of the atoms is a function of the intensity and composition of light, of the 
nature of the substance, of the surrounding medium, &c, and becomes apparent in 
the fact that a velocity constant, indicative of constant properties of the atoms and 
molecules, is obtained. When light is removed from the system the energy stored in 
the atoms and molecules, under the impulses of the light waves, gradually disappears, 
changing either into chemical energy and heat (as long as the reaction continues in 
the dark, chemical deduction period) or into heat alone (deduction period of energy), 
When the maximum kinetic energy of the atoms is reached under the action of light, 
it is evident that the energy stored up must be directly proportional to the mass of 
each substance. To the above equation for equilibrium the terms v ] dm l + ^ 2 dW 3 . . . 
+ v u dm n must therefore be added* By means of a cycle process at a constant 

v iU £ 
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temperature it can also be shown that the entropy of the system changes in light. 
When chemical transformation takes place in the system this is also accompanied by 
variation in its mechanical energy. The kinetic explanation of the phenomena of 
absorption, dispersion, fluorescence, by Stokes and Helmholtz, led the author to 
the conclusion that the energy stored in the atoms and molecules under the action of 
light, partly transforms into chemical, partly into kinetic energy sui generis, which 
may be called light-kinetic energy,— a conclusion strengthened by the author's 
experiments on the effect of light upon two plates of the same element, when they 
are immersed in a liquid, connected with a galvanometer, and one plate is exposed 
to light while the other is kept in the dark. Thus, under the action of light, the 
chemical potential of each substance increases and each substance acquires a new 
light-kinetic potential. Instead of equation (i.) we now have for equilibrium in light 

(IK + dJ&i ^ dW = Ycfo/ — p f dv f + \k(dm{ + /x/eim/ . . . + ix n dmj 

+ X/c/m/ + \ 2 f dm z f . . . + XjdmJ e= (ii.). 

Integrating this equation, then differentiating in the most general way and 
subtracting (ii.) we get 

rfdt' — v f dp f + m!d\^ + ^d\i{ . . . + w/cZX/ -f mjd^! = . . (iii.). 

General considerations show that for the system to be in equilibrium the sum 
of both potentials of each substance must be constant through the whole system, 
i.e., /V+ V—^? /ii 2 / +X 2 / = c a . . . (y). (iii.) and (y) give the variation of temperature 
or pressure, or of the chemical potential, or of the light-kinetic potential, or of several 
of them, with the variation of one or more of the rest of the variables. The sum of 

both potentials /x/ + X/ being = ( ) and the equation for chemical 

reaction being n l A l + %A. 2 = n 3 A 3 (a), we still find that, under due considerations, 

Taking in equation (iii.) the grammolecule as unit of mass (which is not the case in 
Gxbbs' deductions), in order to get subsequently a result which in its form and 
content expresses our present molecular conceptions of a chemical reaction, &c, we 
get, if the system is a gaseous one, consisting of one substance only, and its total mass 
is m/ grammolecules, that the total chemical energy is /x/m/, the variation in the 
same m/cfyx/, the total light-kinetic energy is X/m/, the variation in the same m/rfX/, 
the total mechanical energy p f v = m/RT, since pv of 1 grammolecule = RT, and 

[m 'KT\ /H' \ 

v dp'= vd \~ 1 ~, — )> the total entropy of the mass tf-=.m{ i — +KM, when the entropy 

n . t i H' (of 1 grammolecule) . Tr , rT11 ,,. . /••• \ .i i 

of 1 grammolecule = — — - — — — + K. Ihus putting m (in.) these values 

and integrating we get fi x + Xj = RT + RT log -— — H 7 log T + K 7 T + K", where 
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K 7 and K /; are integration constants. Assuming now that the system consists of 
several substances, as given in (a), and that the law of I) Alton holds good for the 
chemical and for the light-kinetic potentials, then we get from (/3) that 



log 



vj i • (^)7(^n = i*f %**** - ^ K/ - %k/) t - <*» + Mi - %) rt 

+ («iH/ + %H/ - Tolls') log T + (« 3 K 3 " - ^K/' - %K/)] • • (iv.), 



log(-fj +log^;j -log^ 



where — f > -~ > -r are the concentrations of each substance expressed in gram- 

V V V 

molecules, ?? l5 n a . . . the numbers of grammolecules of each substance taking part in 
the reaction, 7? 3 K 3 '— -n^K/— %&/== constant K iv ~*, — (%+^i— ^3) RT is the work done 
by the system (a) during the transformation in light, (^H/ + %Hj/ «— ■ ttgllg') log T 
+ (V^K/ — ^ 1 K/ / — %K/ ; ) is the heat of reaction m %/i£. Thus the connection 
between the logarithm of the constant of chemical equilibrium in homogeneous 
systems in light, the heat of reaction or of transformation of n Y grammolecules 
of Sj plus % grammolecules of S 3 into n z grammolecules of S 3 in light, the work done 
during the transformation, and the absolute temperature, follows the same law in light 
as it does in the dark. The effect of light upon a system therefore consists in shifting 
it to a new point of equilibrium, It is further easy to show that at a constant 
volume, since the work — (?n + n x — n%) RT = 0, and rj f t f can be put = C/F, where 
C, is the specific heat at a constant volume, T the absolute temperature, an equation 

d 
is arrived at, which after differentiation gives -j~ 

A jl PT 

= — ^j^r" (v.), where A and B are constants (equation of Van't Hoff and Kooy), 

which at a constant temperature gives (-—■) #, (~7~) \j) = constant (vi.), i.e., the 

law of mass action holds good for chemical equilibrium in light, as found experimentally. 
Decomposing this equation for homogeneous systems in the usual maimer into tw r o, 
giving the two opposite velocities of reaction, which at equilibrium become equal, 

we get 

(dx\ _ ,/m/y^ /W\ % -i/^Y' _ » (™IX* ( " \ 

i.e., the velocity of chemical reaction in light must also follow the laws of mass 
action, as found experimentally. 

In conclusion, I should like to express my thanks to the Managers of the Davy- 
Faraday Laboratory of the Royal Institution for having allowed me to make use of 
the splendid arrangements of the Laboratory, and especially to Dr. Ludwig Mokd 5 
who by his kind assistance has enabled me to undertake and carry out the above 
research, and who by his valuable advice on many occasions has very essentially 
contributed to the success of the same. 



